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280 THE FIRST JAWS 
A fossil fish helps to explain 


289 PREDICTING THE BASIS OF 
CONVERGENT EVOLUTION 
Convergent adaptive traits do not 
always arise from the same genetic 
changes By J. T. Bridgham 
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FOR CLIMATE LOSS AND DAMAGE 
Climate risk analysis must play 

a fundamental role By R. Mechler 
and T. Schinko 
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A physicist reveals the engineering 
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By burning trees and tending crops, 
prehistoric people left a lasting mark 
on rainforests By A. Curry 
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Light-induced protein interaction 
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a difference By O. Bagasra 
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Hybrid Ising machines survey universe 
of possible solutions for best answer 
By A. Cho 
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Once encouraged by a cease-fire, 
scientists now reconsider venturing 
into rainforest By L. Wade 
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COMING SOON? 

Mouse eggs grown in vitro produce 
apparently healthy offspring, but 
clinical use is distant By G. Vogel 
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HAWAII'S NATIVE TREES 

Big Island is under assault from 
deadly invader By I. Vesper 
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acetylene is observed with electron 
diffraction By C-Y. Ruan 
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Bispecific antibodies are engineered to 
thwart ebolavirus entry into cells 
By A. F. Labrijn and P. W. H. I. Parren 

> REPORT P. 350 


286 WHY I KNOW BUT DON’T BELIEVE 
Individuals hold interdependent beliefs 
that affect whether or not they accept 
scientific findings By C. T. Butts 

> REPORT P. 321 


FEATURE 
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Election campaigns are light on 
science. But once a new president is 
in office, technical issues have a way 
of demanding attention 

By D. Malakoff and J. Mervis 
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Long-term data show how a 
widespread phytoplankton group 
responds to temperature changes 
By A. Z. Worden and S. Wilken 
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297 From Science and other journals 
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300 ORGANIC CHEMISTRY 
Metal-catalyzed reductive coupling of 
olefin-derived nucleophiles: Reinventing 
carbonyl addition K. D. Nguyen et al. 
REVIEW SUMMARY; FOR FULL TEXT: 
dx.doi.org/10.1126/science.aah5133 
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301 STRUCTURAL BIOLOGY 

Structural basis for the gating 
mechanism of the type 2 ryanodine 
receptor RyR2 W. Peng et al. 

RESEARCH ARTICLE SUMMARY; FOR FULL TEXT: 
dx.doi.org/10.1126/science.aah5324 
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302 DEVICE TECHNOLOGY 

Subthreshold Schottky-barrier thin-film 
transistors with ultralow power and 
high intrinsic gain S. Lee and 

A. Nathan 


305 FORCE SPECTROSCOPY 

Molecular force spectroscopy with a 
DNA origami-based nanoscopic force 
clamp P. C. Nickels et al. 


308 CHEMICAL PHYSICS 

Ultrafast electron diffraction imaging of 
bond breaking in di-ionized acetylene 

B. Wolter et al. 
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312 METALLURGY 

Dynamic creation and evolution of 
gradient nanostructure in single-crystal 
metallic microcubes R. Thevamaran et al. 
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Observation of a nematic quantum Hall 
liquid on the surface of bismuth 

B. E. Feldman et al. 


321 GROUP DYNAMICS 

Network science on belief system 
dynamics under logic constraints 
N. E. Friedkin et al. 
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Physiological and ecological drivers 

of early spring blooms of a coastal 
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329 BIOMASS PROCESSING 
Formaldehyde stabilization 

facilitates lignin monomer production 
during biomass depolymerization 

L. Shuai et al. 
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A Silurian maxillate placoderm 
illuminates jaw evolution M. Zhu et al. 
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336 EVOLUTION 

Predictable convergence in hemoglobin 
function has unpredictable molecular 
underpinnings C. Natarajan et al. 
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339 ENZYMOLOGY 

The biosynthetic pathway of 
coenzyme F430 in methanogenic and 
methanotrophic archaea K. Zheng et al. 


343 PLANT PHOTOBIOLOGY 
Photoactivation and inactivation 
of Arabidopsis cryptochrome 2 
Q. Wang et al. 
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347 MICROBIOLOGY 

Intercellular communication and 
conjugation are mediated by ESX 
secretion systems in mycobacteria 
T. A. Gray et al. 


350 EBOLAVIRUSES 

A “Trojan horse” bispecific-antibody 
strategy for broad protection against 
ebolaviruses A. Z. Wec et al. 
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A large fraction of HLA class I ligands 
are proteasome-generated spliced 
peptides J. Liepe et al. 
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A pathogenic role for T cell-derived 
IL-22BP in inflammatory bowel disease 
P. Pelczar et al. 
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265 EDITORIAL 

A short presidential reading list 
By Jeremy Berg 
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382 WORKING LIFE 
Knocking on opportunity’s door 
By Diane Shao 


Whoever wins the 

US. election on 8 
November, Democrat 
(donkey) or Republican 
(elephant), the next 
president will confront 
issues that have science 
at their core, from 
sea-level rise to the 
emergence of new diseases. In this issue, 
Science discusses six concepts that deserve 
attention from the very top. See pages 265 
and 274. Illustration: Ricardo Martinez 
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EDITORIAL 


A short presidential reading list 


new U.S. president will be sworn into office in 
less than 3 months. Because scientific issues cut 
across many aspects of modern life, in both the 
public and private sectors, the president has sev- 
eral challenges. He or she must ensure that the 
government has access to robust advice about 
scientific issues to guide policy development. The 
president must select, and the U.S. Senate must confirm, 
the leaders for agencies with 
a substantial science focus. 
Finally, the new president 
must set the tone regarding 
the importance of science in 
the nation’s progress. Two 
short, 70-year-old documents 
outline many central issues 
that are still relevant today. 
The advisory role of sci- 
ence in the administration 
is held by the president’s 
science adviser (formally, 
Assistant to the President 
for Science and Technology 
Policy). President Franklin 
Roosevelt established a pre- 
cursor to this position dur- 
ing World War II with the 
appointment of Vannevar 
Bush as head of the Office 


ee eee “..these...documents...lay out 
principles for the importance 
of science in society...” 


Development. Bush was an 
engineer who had been a 
cofounder of the American 
Appliance Company (which 
later became the Raytheon 
Company), a faculty member at the Massachusetts 
Institute of Technology, and president of the Carnegie In- 
stitution of Washington. He is perhaps best known as the 
author of two seminal documents. 

In 1945, Bush delivered “Science, The Endless Fron- 
tier”* as a report requested by President Roosevelt (likely 
at Bush’s urging). This treatise detailed a compelling vi- 
sion for the role of science in society, especially for basic 
science funded by the federal government. After an intro- 
duction, its subsequent chapters present many key ele- 
ments of governmental science policy: “The War Against 
Disease” emphasizes the importance of broad and basic 
studies, as well as coordinated attacks on specific dis- 
eases; “Science and the Public Welfare” describes the role 
of science for job creation and the importance of aca- 
demic basic research to complement research in industry; 


“Renewal of Our Scientific Talent” highlights the impor- 
tance of training and recruiting talent in a manner that 
includes men, women, and those with limited economic 
means; “A Problem of Scientific Reconversion” describes 
the challenges of scientists transitioning from wartime to 
peacetime research and the open publication of scholarly 
results; and “The Means to the End” lists five principles 
for federal support of basic research with no expecta- 
tion of immediate practical 
results, and concludes with 
a detailed outline for creat- 
ing the National Research 
Agency. “Science, The End- 
less Frontier” presented a 
thoughtful outline for sci- 
ence in peacetime and, al- 
though many features of it 
were not implemented, its 
recommendations were re- 
flected in the creation of the 
National Science Foundation 
in 1950. 

In 1945, Bush also pub- 
lished “As We May Think”t 
in a popular magazine, The 
Atlantic Monthly. This strik- 
ingly prescient essay pres- 
ents a crisp vision for the 
roles of machines in informa- 
tion storage and computa- 
tion, and the need to convert 
large amounts of informa- 
tion into useful knowledge. 
Many features of his picture 
have come true—mostly in 
the past decade. Bush presented his ideas to inspire the 
citizenry to think about science and technology as a path 
to improving their futures, both with respect to extant 
tasks and futuristic ones. 

As the president-elect considers many of the nation’s 
challenges related to science, I have a simple suggestion: 
Read these two Vannevar Bush documents. They lay out 
principles for the importance of science in society, the in- 
teractions between academic and industrial science, the 
compelling nature of scientific discovery, and the impor- 
tance of thinking with a long time horizon. This will pro- 
vide a strong framework for selecting key leaders for the 
next administration and for being a good consumer of the 
information and advice that they provide. It will be an 
hour or two well spent. 

-Jeremy Berg 


Editor-in-Chief, 
Science Journals 
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Number of galaxies in the observable universe—more than 10 times 
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as many as previously estimated—according to a count reported in 
an upcoming study in The Astrophysical Journal. 


Hunting driving many mammals to edge 


undreds of mammals are being hunted to extinc- 
tion, says a team of ecologists that has taken the 
first look at the effects of hunting on land mam- 
mals around the world. The researchers combed 
through the International Union for Conservation 
of Nature and Natural Resources’s annual Red List 
of Threatened Species to see which of the 1169 land mam- 
mals listed faced extinction from hunting rather than, 
for example, habitat loss. Hunting is decimating popula- 
tions of 301 species—including 126 primates, 26 bats, and 
65 ungulates such as deer and wild pigs, the team 


scientists had to apply to the treasury’s 


reported this week in Royal Society Open Science. These 
mammal species play key roles in many different eco- 
systems, from large carnivores keeping plant-eating pop- 
ulations in check to mammals that shape the landscape 
by burrowing, foraging, or dispersing seeds. Hunting also 
disproportionately threatens large mammals: More than 
60% of the threatened land mammal species weigh in 
at more than 1000 kilograms, among them rhinos and 
hippos. Those animals are especially vulnerable, because 
they tend to have smaller population sizes and longer 
times between generations. http://scim.ag/mammalext 


FDA-approved Cuban drugs to be imported 


U.S.-Cuba biomed barrier falls 


WASHINGTON, D.c. | Building on a historic 
December 2014 rapprochement, the U.S. 
Department of the Treasury this week autho- 
rized U.S. scientists to freely collaborate with 
Cuban counterparts on everything from can- 
cer therapies to combatting the Zika virus. 
Previously, U.S. biomedical and public health 


266 21 OCTOBER 2016 + VOL 354 ISSUE 6310 


Office of Foreign Assets Control for a license 
to conduct research with Cuban colleagues; 
most licenses are valid for only 1 or 2 years, 
and renewals are time consuming, making 
it hard to sustain long-term collaborations. 
The rules, which went into effect 17 October, 
also make it easier for Cuban-made pharma- 
ceuticals to undergo U.S. Food and Drug 
Administration (FDA) review, and allow 
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and sold. The U.S. government is also lifting 
restrictions that have mostly barred Cubans 
from receiving U.S. grants, scholarships, 
and research awards. One open question is 
whether Cuba’s own regulations will pose 
constraints; another is whether many of 
Cuba’s top scientists will embrace working 
with a country that sought to isolate them 
for so long. http://scim.ag/USCubabiomed 
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Oversight body debate heats up 


LONDON | A controversial bill before 

U.K. Parliament proposes to create a UK 
Research and Innovation (UKRI) body to 
oversee the country’s £6 billion in research 
funding. Last week, proponents and critics 
of the Higher Education and Research Bill 
gathered in a press briefing at London’s 
Science Media Centre to lay out their cases. 
Proponents argue that a strong, indepen- 
dent voice would be the most effective 
advocate for scientists at a time of uncer- 
tainty over future budgets and the pending 
exit from the European Union. Opponents, 
meanwhile, worry that the bill’s proposal to 
remove royal charters for universities and 
research councils, making it easier for the 
government to change or dissolve them, 
threatens to upend protections for inde- 
pendence and self-determination in science 
and higher education. The Public Bill 
Committee in the House of Commons com- 
pleted its scrutiny of the bill on 18 October; 
after a vote by the House of Commons, the 
bill heads to the House of Lords. The target 
date for officially starting UKRI is April 
2018. http://scim.ag/UKoversight 


Brazil faces budget freeze 


BRASILIA | Brazilian scientists are on 
high alert, thanks to a constitutional 
amendment bill proposed by the country’s 
federal government that would put a cap 
on public spending for the next 20 years. 
The proposal, known as PEC 241, would 
make it illegal for all three branches of 
government—executive, legislative, and 
judicial—to raise their yearly expenditures 
above the rate of inflation, essentially freez- 
ing the federal budget at current levels 

for 2 decades. That “will be a disaster” for 
science, says the president of the Brazilian 
Academy of Sciences, Luiz Davidovich, in 
Rio de Janeiro. The current federal budget 
for science, technology, and innova- 
tion—$1.5 billion in 2016—is the lowest in 
10 years, if corrected for inflation; govern- 
ment agencies have been cutting down on 
scholarships and grants, and research insti- 
tutions across the country are struggling to 
pay even their electricity bills. Getting the 
bill approved in Congress before the end 
of this year is the top priority of Brazilian 
President Michel Temer, who took office on 
31 August, following the impeachment of 
Dilma Rousseff. http://scim.ag/Brazilcap 


Treaty to curb HFC emissions 


KIGALI | On 15 October, world lead- 
ers gathered in Rwanda announced an 
agreement to curb the use of superpotent 
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greenhouse gases used in air conditioners 
and refrigerators. The chemicals, called 
hydrofluorocarbons, or HFCs, have up 

to 2000 times the heat-trapping ability 

of carbon dioxide. The agreement comes 
nearly 30 years after the Montreal Protocol 
was created to protect the ozone layer by 
phasing out chemicals used in everything 
from hair spray to refrigerators. Emissions 
of those chemicals plunged as they were 
replaced by less-damaging alternatives, 
including HFCs—but those came with a 
heavy price. The new deal, which caps 

7 years of negotiations, creates a three- 
tiered system: India, Pakistan, and four 
Gulf states would freeze HFC consumption 
in 2028 and set future reductions based 
on consumption between 2024 and 2026. 
China and other developing countries 
would halt growth in 2024, using 2020 to 
2022 levels for a baseline. And the devel- 
oped world would phase down the use of 
HFCs in 2019. At a time when the world 

is poised to add 700 million air condition- 
ers by 2030, the agreement could prevent 
nearly 0.5°C in temperature rise over this 
century. http://scim.ag/HFCtreaty 


Aspidella, one of the 
most.common fossils 
of the enigmatic 
Ediacara biota. 


FINDINGS 
High altitude transforms blood 


Even a brief time at high altitude can 

alter blood cells in ways that make it 
easier to cope with low-oxygen conditions, 
reports a study this month in the Journal 
of Proteome Research. The traditional 
explanation for how the body adjusts to 
oxygen-deprived high-altitude conditions 
is that it builds new red blood cells. But 
that can take weeks—whereas people are 
known to adapt within days. In the new 
study, researchers examined the blood of 
21 volunteers acclimated to 5260 meters 
above sea level in the Bolivian Andes. The 
team found multiple changes affecting how 
tightly hemoglobin, the protein that trans- 
ports oxygen, hangs onto its cargo, making 
it easier for the oxygen to be released to 
tissues that need it. The changes may 
persist for about 120 days—the life span 

of a red blood cell. It’s a valuable finding 
not just for mountaineers, but also for doc- 
tors seeking to treat traumatic injuries by 
boosting blood’s oxygen-carrying capacity. 
http://scim.ag/altitudeblood 


Puzzling fossils, preserved in a silica ocean 


he so-called Ediacara biota—strangely shaped creatures that include Earth's 
oldest fossils of complex animals, dating to between 571 million to 541 million 
years ago—are found in rock layers on every continent except Antarctica. How 
the organisms became fossils in the first place has long puzzled scientists: 
Many of the biota were soft-bodied, and soft organisms tend to decay relatively 
rapidly after death rather than become preserved in the rock record. But a new study 
suggests that the Ediacaran oceans gave fossilization a boost: The waters were much 
more silica-rich than modern oceans, and that silica, concentrated between the sand 
grains that buried the organisms, likely precipitated out of the seawater and then 
covered and entombed the biota, researchers report this month in Geology. Unlike 
more selective fossilization, which can give a biased snapshot of the composition of an 
ecosystem, the precipitated silica would have covered the animals indiscriminately— 
so the Ediacaran fossil assemblages are likely accurate snapshots of what Ediacaran 


seafloor communities actually looked like. 
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ARCHAEOLOGY 


‘Green hell’ has long been home for humans 


By burning trees and tending crops, prehistoric people left a lasting mark on rainforests 


By Andrew Curry, in Jena, Germany 


or centuries, tropical rainforests were 

seen as the very definition of wil- 

derness, largely untouched by hu- 

mans. Spanish conquistadors called 

the Maya forest landscape a “green 

hell” As late as the 1970s, anthropo- 
logists described Amazonian rainforests as 
a “counterfeit paradise,” arguing that their 
soil lacked the nutrients to sustain agri- 
culture or complex human societies. “When 
I was starting school, there was this idea 
that the tropics were unlivable,” able to sup- 
port only small groups of hunter-gatherers 
at most, says archaeologist Anabel Ford 
of the University of California in Santa 
Barbara (UCSB). 

It’s now becoming clear, however, that 
human ancestors not only lived in the rain- 
forest, but transformed it over tens of thou- 
sands of years. At Pantropica, a conference 
organized here this month by the Max Planck 
Institute for the Science of Human History, 
presentation after presentation highlighted 
how prehistoric people burned the forest, 
cleared it, farmed it, nurtured certain of its 
tree species, and even built cities in it, leav- 
ing lasting, if subtle, marks. “Tropical forests 
are long-term documents of human action,” 
says environmental archaeologist Chris Hunt 
of Liverpool John Moores University in the 
United Kingdom. 
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Although evidence of complex rainforest 
societies, and even cities, began emerging 
decades ago, the idea that human activity 
transformed the forest itself was slow to 
crystallize, because data were scarce. Acidic 
rainforest soils eat away bone, and tools 
and buildings made from organic materials 
like wood and bamboo rot quickly in warm, 
humid forests. Thick foliage obscures earth- 
works and structures. 

But archaeologists have found clever 
ways to uncover ancient humans’ impact 
on today’s jungles. For example, powerfully 
fragrant ammonia from bird and bat guano 
preserved organic remains for millennia at 
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LiDAR images show a ceremonial pyramid 
(circled) with rectilinear and circular elements, in 
the pre-Columbian city of Angamuco in Mexico. 
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Niah Cave on the island of Borneo, allowing 
Hunt to analyze a pollen record from inside 
the cave. He identified and counted the spe- 
cies represented in the pollen, noting some 
that sprout after forest fires. He found that 
the fires began only after modern humans 
arrived about 50,000 years ago, suggesting 
that people torched the forest, probably to 
make hunting easier and to promote useful 
“edge” plants and animals like bearded pigs. 
Then, about 11,000 years ago, pollen from 
a nearby site showed abundant wild rice 
and nonnative palms, showing that humans 
were selecting and importing useful species 
from other islands. 

Thus this region, usually described as 
pristine, was in fact managed millennia ago. 
“Tt was shocking to me when I found out it 
wasn’t primary rainforest,’ Hunt says. Pol- 
len records from Australia and from Papua 
New Guinea’s Ivane Valley suggest a similar 
pattern of burning after humans arrived. 

Researchers at the conference argued that 
slash-and-burn techniques, once thought to 
be environmentally destructive, were actu- 
ally sustainable, part of a centuries-long 
forest management cycle practiced in many 
tropical forests. Modern Maya “forest gar- 
deners” in Belize and Guatemala farm burn 
plots for a few years, then manage them 
for second-growth species like fruit trees, 
UCSB’s Ford says. She argues that a combina- 
tion of arboriculture and cyclical agriculture 
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Pollen from Borneo’s Niah Cave shows that people 
began to burn nearby rainforest 50,000 years ago. 


enabled the ancient Maya to support large 
populations in a sustainable way, and that 
the practice of burning the forest had begun 
with the first Native Americans in the area. 
“They are regularly burning fields, creating 
a cycle for reforestation,” Ford says. “It’s not 
that they’re one with nature—they’d been re- 
creating the forest across 8 millennia.” 

The legacy of ancient burning or clearing 
lingers in what may look like primeval for- 
est today, Hunt says. Heavy concentrations 
of certain tree species, particularly useful 
or edible ones usually found near rivers but 
appearing far from streams, may signal an- 
cient human forest management. One recent 
study estimated that 1.4% of Amazonian tree 
species make up more than 50% of the rain- 
forest, with palm trees and other useful spe- 
cies dominating (Science, 18 October 2013, 
p. 325); the authors suspect that human 
hands crafted the unusual distribution. 

Recently, researchers have found other 
signs of human disturbance 
in the Amazon: large patches 
of fertile “black earth,’ or 


turtles, suggesting that they planted corn 
to eat or ferment. For farmers from the 
Bolivian site of Llanos de Moxos, dated 
to between about 600 and 1400 C.E., corn 
was thought to be a secondary food source. 
But there, too, Hermenegildo found a 
strong signature from corn in human 
bones, and also in Muscovy ducks from the 
site. “They’re using a lot of corn,’ he says, 
“so much they’re feeding their animals 
with it.” 

Besides traces of agriculture, rainforests 
also bear the imprint of ancient cities far 
larger than anyone had guessed. Using laser 
scanners mounted on aircraft, or light de- 
tection and ranging (LiDAR), archaeologists 
have shown that Angkor Wat in Cambodia 
sprawled more than 3000 square kilometers 
and could have housed more than 750,000 
people at its height in the 11th century C.E. 

In Honduras, archaeologist Chris Fisher 
of Colorado State University in Fort Col- 
lins helped use LiDAR to discover traces 
of walls, earthen pyramids, and artificially 
leveled plazas with stone pavement: a siz- 
able “lost city” dating to be- 
tween 1000 and 1400 C.E., 
deep in what was thought to 


terra preta—carbon-rich soil “Tn opical for estS be untouched, impenetrable 
prized for farming today. _ jungle. He also directed a 
Some argued that ancient are long: term LiDAR project that revealed 
people intentionally enriched documents of the extent of Angamuco, a 
nutrient-poor rainforest hum ana cti on ” major urban center in Mex- 


soils by burning vegetation 
and working charcoal and 
organic garbage into the 
ground. But most terra preta 
looks like places where people lived rather 
than farmed, with ample shards of pot- 
tery and bones, says archaeologist Manuel 
Arroyo-Kalin of University College London. 
He thinks ancient people could have boosted 
soil nutrients accidentally, simply by tossing 
their refuse in the same place for millennia. 

New evidence, from the bones of early 
rainforest people, suggests they did grow 
surprising amounts of corn. At the confer- 
ence, archaeologist Tiago Hermenegildo of 
the University of Cambridge in the United 
Kingdom presented data on carbon isotopes 
in bone collagen from more than 120 pre- 
historic individuals previously excavated 
from Amazonian sites. Corn uses a specific 
kind of photosynthesis, called C4 rare in rain- 
forests, so carbon isotopes from people eat- 
ing mostly corn look different from those 
who eat a more mixed diet. 

At two Amazonian sites, Hermenegildo 
uncovered evidence of an unexpectedly corn- 
heavy diet. In the Brazilian site of Hatahara 
in the central Amazon, dated to between 
750 and 1050 C.E., he detected the clear 
presence of corn in the remains of people 
thought to subsist mostly on fish and river 
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Chris Hunt, Liverpool 
John Moores University 


ico built by the Purépucha 
culture that rivaled the great 
cities of the Aztec empire 
from 1000 C.E. until the ar- 
rival of the Spanish around 1500 C.E. “We 
can use these records to repopulate the 
Americas,” Fisher says. “LiDAR enables 
us to see” cities in places once thought to 
be untouched. 

The implications for modern rain- 
forest management could be profound, as 
the evidence suggests that human activ- 
ity helped shape some of today’s supposed 
wildernesses. “Humans are not by nature 
incompatible with biological diversity,’ says 
anthropologist William Balée of Tulane Uni- 
versity in New Orleans, Louisiana, who was 
not at the Jena meeting. 

But others say the evidence for wide- 
spread human settlement in tropical for- 
ests has been overstated. “There was such 
a strong belief beforehand that you couldn’t 
develop complex societies in the rain- 
forest that when examples started to pop up 
the field immediately went to the other ex- 
treme,” cautions Crystal McMichael, a paleo- 
botanist at the University of Amsterdam 
who was not at the meeting. “In truth, it’s 
probably somewhere in the middle.” 


Andrew Curry is a writer in Berlin. 
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COMPUTING 


Odd computer 
zips through 
knotty tasks 


Hybrid Ising machines 
survey universe of possible 
solutions for best answer 


By Adrian Cho 


century-old theoretical model of 

magnetism is giving rise to a hybrid 

computer, part classical and part 

quantum, that may be capable of solv- 

ing problems that overwhelm conven- 

tional computers. The so-called Ising 
machine, described in 100-bit and 2000-bit 
versions in two reports this week in Science, 
could tackle optimization problems that re- 
quire finding the best solution among myriad 
possibilities, such as predicting how a protein 
will fold. 

“This is an exciting development and 
something that we want to pursue,” says Alan 
Aspuru-Guzik, a theoretical chemist at Har- 
vard University who has studied using Ising 
machines to decipher protein folding. If the 
technology can be scaled up just a bit further, 
“it’s going to start competing with classical 
computers,’ he predicts. Others aremoreambi- 
valent about the technology’s prospects. 

The machines take their name from the 
Ising model, which was developed in 1920 by 
German physicist Wilhelm Lenz and his stu- 
dent Ernst Ising to explain how magnetism 
arises. In a magnetic material, each atom acts 
like a little magnet. At high temperatures, 
the atoms point in random directions so that 
their magnetism cancels out. Below a certain 
temperature, the atoms point in the same di- 
rection, magnetizing the material. The Ising 
model aims to capture the transition from 
randomness to order by envisioning a regu- 
lar array of “spins” that point up or down and 
randomly flip depending on the temperature. 
In the original model, neighboring spins 
interact so that they tend to point in the same 
direction. Lenz and Ising hoped to show 
how the spins would suddenly snap into the 
same orientation as the temperature fell— 
although the model turned out to be fiendishly 
difficult to analyze. 

Curiously, many optimization problems 
can be mapped onto more general versions of 
the Ising model, in which any two spins can 
interact, not just neighbors, and the paired 
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spins can be set to favor alignment or oppo- 
sition. For example, the spread of two con- 
tradictory opinions on the internet might be 
represented as an Ising model with up and 
down spins standing for opposite opinions. 
To solve a model, researchers must find the 
lowest energy configuration of the spins, 
or “ground state,’ in which the most inter- 
actions are satisfied (see graphic, right). 

The challenge is finding that solution. 
On a conventional computer, the number of 
steps needed to solve the model is thought 
to blow up exponentially as the number of 
spins increases, making it among the hardest 
computational problems. 

Now, two overlapping groups at Stanford 
University in Palo Alto, California, and at 
NTT Basic Research Laboratories in Atsugi, 
Japan, have developed optical machines 
specifically designed to solve, at least ap- 
proximately, the Ising model. The method 
is the brainchild of Yoshihisa Yamamoto, 
an electrical engineer at Stanford who also 
founded the NTT group in 1983. 

The devices rely on pulses of light gener- 
ated by a widget called an optical parametric 
oscillator (OPO) when it is zapped with laser 
light. The pulses course around a single long 
loop of optical fiber like so many wooden 
horses on a carousel. Each pulse is the 
equivalent of an atomic spin in a traditional 
Ising model. 

Each pulse also has a “phase,” which de- 
scribes whether the light waves oscillate in 
or out of step with the laser that zaps the 
OPO. The phase can be positive or negative, 


Ising machines compute by making pulses of light interact as they 


course through a spool of commercial optical fiber. 


mimicking the up and down of a spin. As 
the pulses stream past, researchers mea- 
sure their phases. They then use a very fast 
processor, which encodes the interaction 
constraints for the specific Ising model be- 
ing analyzed, to calculate how the phases 
should change in order to lower the model’s 
total energy. When the pulses circle back 
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Ising models made easy 


Ising models map real-world optimization problems in terms of particles with spins, pointing up or down, and 
paired interactions that favor either aligned or opposing spins, such as in this eight-particle model. For the 
largest models, finding the optimum, lowest energy state can overwhelm conventional computers. But hybrid 
quantum-classical devices called Ising machines hold the promise to solve the problems easily. 


Highest energy 


—_ a 


Medium energy 


Lowest energy 


<= Spins want to be opposite “ Satisfied interactions 


through the OPO on the next lap, scientists 
apply feedback to nudge their phases one 
way or the other. “In nanoseconds you have 
to figure out what the feedback to the next 
pulse will be,’ says Peter McMahon, an ap- 
plied physicist at Stanford and lead author 
on one of the papers. After a few dozen 
laps, the phases evolve toward the ground 
state and stabilize. 

Exactly how this happens remains a bit of 
a mystery, McMahon says. It appears crucial 
that each pulse start out in a quantum me- 
chanical “squeezed state” in which its phase 
is, weirdly, both positive and negative at the 
same time, giving the system an inherent 
flexibility to search for solutions, he says. 

Focusing on the basic technique, the 
Stanford group solved Ising models with 
up to 100 spins, using a conventional com- 
puter to check their work and 
see how close they were getting 
to ground state. Trying to scale 
up, the NIT group devised a 
2000-spin system that solved 
a more limited group of prob- 
lems. The devices aren’t per- 
fect. As the number of spins 
grows, they most often don’t 
find the exact ground state, but 
only a low-energy approxima- 
tion of it. However, for many 
purposes, that’s good enough, 
Yamamoto says. 

Others have built Ising ma- 
chines, too. Researchers at 
Hitachi Ltd. in Tokyo have built 
a device in which each spin 
is represented by a transistor 
whosevoltagecan be high orlow. 
D-Wave Systems of Burnaby, Canada, has 
built a chip in which each spin is a tiny ring 
of superconducting metal in which current 
can run one way or the other—or, thanks to 
the weirdness of quantum mechanics, both 
ways at once. D-Wave claims, controver- 
sially, that its machine can solve the Ising 
model faster than an ordinary computer 
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thanks to quantum effects, which enable 
it to “tunnel” directly from one possible 
arrangement of spins to another (Science, 
20 June 2014, p. 1330). 

The optical Ising machines have a key 
advantage over the solid-state systems, says 
Hiroki Takesue, a physicist with the NTT 
group. In the Hitachi and D-Wave devices, 
the spins lie in a plane and only neighbor- 
ing spins can interact directly. To mimic 
interactions with other, farther flung spins, 
a single spin in certain Ising problems has 
to be mapped onto a group of many spins 
on the chips. That reduces the size of the 
problems that the two companies’ devices 
can handle, to about 150 spins for the Hita- 
chi system and a few dozen for the D-Wave 
chip, Takesue says. In contrast, by allow- 
ing any spin to interact with any other, 
the optical machines can directly encode 
arbitrary Ising models. “Already with 2000 
spins there may be some applications” such 
as optimizing the use of bandwidth in Wi- 
Fi and cellphone networks, Takesue says. 

Some researchers say it isn’t clear the 
Ising machines can best their primary 
competitors—conventional computers. 
“What is the case that you're going to do 
something faster this way than you could do 
it using just an ordinary digital computer?” 
says Scott Aaronson, a computer scientist at 
the University of Texas in Austin. “I never 
saw that satisfactorily addressed anywhere, 
and it’s certainly not addressed in the 
present papers.” 

The researchers are working on such 
comparisons, which can be difficult. At least 
on one problem, the NTT machine seems to 
be 50 times faster than an ordinary com- 
puter, Takesue says. In the meantime, the 
teams are developing a compact version 
of the device that could be commercial- 
ized. They are also trying to make it acces- 
sible for other researchers to use remotely. 
“Sometime next year,’ Yamamoto says, “we 
will be able to connect our device to the 
internet.” & 
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Colombia peace deal blow dismays ecologists 


Once encouraged by a cease-fire, scientists now reconsider venturing into rainforest 


By Lizzie Wade 


nder siege from deforestation and 
climate change, the last redoubt of 
the world’s most poisonous frog is a 
dense patch of rainforest southwest 
of the Colombian city of Cali. How 
the golden poison dart frog is faring 
is largely a mystery: Experts on amphibians 
haven't dared venture into its habitat for 
decades, deterred by guerrilla fighters and 
other armed groups that once turned large 
swaths of Colombia into a war zone. But for a 
hopeful week, the threat fi- 
nally seemed to have lifted. 
On 26 September, Co- 
lombia’s government and 
the Revolutionary Armed 
Forces of Colombia (FARC) 
signed an agreement end- 
ing 52 years of conflict—a 
feat that earned President 
Juan Manuel Santos the 
2016 Nobel Peace Prize. 
As the fighters pledged 
to lay down their weap- 
ons, ecologist German 
Forero-Medina, science di- 
rector of the Wildlife Con- 
servation Society Colombia 
in Cali, and colleagues 
from the Zurich Zoo in 
Switzerland pressed ahead 
with a plan to check on the 
gold poison dart frog. But 
on 2 October, Colombians 
in a referendum narrowly 
rejected the peace accord, leaving Forero- 
Medina and other scientists wondering when 
it will truly be safe for fieldwork. “We're not 
in the era of peace that we expected to be 
in,” he says. “The country is living with an 
incredible amount of uncertainty.” 
“Biologists are among the people who are 
saddest about the [referendum] results,” 
says Susana Caballero, a biologist at the Uni- 
versity of the Andes (Uniandes) in Bogota. 
“There was so much hope that things could 
actually improve.’ She had recently taken 
20 students into the previously inaccessible 
Chocé region along Colombia’s Pacific coast, 
and she also hopes to help former guerrilla 
fighters find new livelihoods as field guides. 
Now, Caballero says, “That’s all on standby.” 
Colombia has some of the richest bio- 
diversity in the world, with more than 
300 distinct ecosystems that are home to 
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nearly 10% of the world’s species. “There 
are zones that are incredibly interesting bio- 
logically,’ says Juan Posada, an ecologist at 
the University of El Rosario in Bogota. The 
Chocé region, for example, is the wettest on 
the planet, soaking up about 16 meters of rain 
a year. But it has long been a battleground 
between leftist rebel groups like FARC and 
right-wing paramilitaries. 

After Santos and FARC commander 


Rodrigo Londofio began peace _ negotia- 
tions 4 years ago, rural violence diminished. 
Even before a 23 June cease-fire, scientists 


FARC rebels in August watch a newscast at their encampment in Putumayo in Colombia. Earlier 
this month, citizens rejected a peace deal between FARC and the government, prompting some 
ecologists to hold off on fieldwork in areas still controlled by armed groups. 


started returning to some areas that were 
no-go zones. “In 2016 alone, scientists have 
discovered 100 new species in Colombia,’ 
says Hernando Garcia, acting director of the 
Humboldt Institute, a biodiversity research 
center in Bogota. “The majority of those spe- 
cies come from places that were closed to sci- 
ence because of the war.” 

Scientists are also eager to study the after- 
math of the conflict itself. Because the pres- 
ence of armed groups slowed development, 
rebel territories “are some of the best pro- 
tected and most intact regions,’ Posada says. 
Still, coca crops and illegal gold mining have 
led to rampant deforestation in many areas 
in the conflict zone. Until researchers inves- 
tigate those regions for themselves, “it’s hard 
to tell how good or bad” the conflict has been 
for the environment, says Daniel Cadena, a 
biologist at Uniandes. 
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Pablo Stevenson, an ecologist at Uniandes 
and director of the Macarena Ecological Re- 
search Center, recently returned to a field 
station he was forced to abandon in 2002, 
after armed rebels held a Japanese scientist 
hostage for several months. When Stevenson 
visited in July, for the first time in 14 years, 
he found that although some of the forest 
had been razed and replaced by illegal coca 
crops, healthy numbers of at least six monkey 
species still roamed near the station. With 
the signing of the cease-fire, Stevenson ap- 
plied for permits to resume his research and 
began negotiations with 
local community leaders, 
who are affiliated with 
FARC. “We made those 
plans expecting peace,” he 
says. In the wake of the 
referendum, he says, “I 
have no idea what’s going 
to happen.” 

Santos has promised 
to continue peace nego- 
tiations and last week ex- 
tended the cease-fire until 
the end of the year. Most 
researchers are optimis- 
tic that the country will 
not slide back into civil 
war. But they fear that a 
dragged-out peace process 
will divert the government 
from other domestic pri- 
orities, including more 
robust support for sci- 
ence. “In Colombia, many 
things got pushed to the side because we 
had to invest in the war,’ including science, 
Caballero says. According to the United Na- 
tions Educational, Scientific and Cultural Or- 
ganization, Colombia spent a scant 0.19% of 
its gross domestic product on R&D in 2014, 
among the lowest in South America. Once 
the conflict ends, Posada says, “there might 
be more money for science and technology.” 

Despite the uncertainty, Forero-Medina is 
pressing forward with plans for fieldwork 
next month in the rainforest west of Cali. 
But his foreign colleagues are “a bit scared,” 
so he is talking with local police and indig- 
enous groups to find out what the situation 
is like on the ground. “From there, we'll 
make a final decision,” he says. If it’s not 
safe, the fate of the golden poison dart frog 
will remain unknown, for at least a little 
while longer. 
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Are labmade human eggs coming soon? 


Mouse eggs grown in vitro produce apparently healthy offspring, but clinical use is distant 


By Gretchen Vogel 


here’s no need to start rereading Brave 

New World just yet. But this week’s an- 

nouncement that biologists in Japan 

have grown mouse egg cells entirely 

in a lab dish gave new meaning to the 

term “test tube babies.” The eggs, gen- 
erated in a dish from two kinds of stem cells, 
gave rise to pups after being fertilized and 
implanted into rodent foster mothers. 
Stem cell biologist George Daley of Har- 
vard Medical School in Boston calls it “a 
stunning achievement.” 

Beyond offering researchers a new 
way to study egg development, the feat 
suggests that scientists could someday 
make human eggs in the lab from al- 
most any type of cell, including ge- 
netically altered ones. That may spark 
hope of new infertility treatments, 
but will also likely revive fears among 
those opposed to designer babies. “If 
a similar strategy proves successful in 
human pluripotent stem cells, then the 
options for reproductive biology, but 
also genetic modification of the germ 
line, are profound,’ Daley notes. But 
for now the method, which sometimes 
produced defective eggs and only 
rarely generated healthy pups, is far 
from making an impact in the clinic. 

Reported in Nature this week by 
stem cell biologists Katsuhiko Hayashi 
and Mitinori Saitou at Kyoto Univer- 
sity in Japan, the work builds on more 
than a decade of efforts to derive egg 
and sperm cells from pluripotent stem 
cells, which resemble cells in early em- 
bryos and can in theory become any 
tissue in the body. In 2012, Hayashi and 
Saitou made fertile egg cells from both 
mouse embryonic stem (ES) cells and in- 
duced pluripotent stem (iPS) cells, which are 
reprogrammed adult cells (Science, 5 October 
2012, p. 24). But to accomplish the final steps 
of egg development, the researchers had to 
implant the precursor cells they had created 
into ovaries or even kidneys of a living mouse. 
Then, this summer, the scientists showed that 
they could keep fetal mouse ovaries growing 
in the lab and make them produce mature, 
fertile eggs. 

The latest effort combines these strategies. 
First, the scientists used ES and iPS cells to 
make immature egg precursor cells. Then 
they inserted those precursors into clusters 
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of cells taken from fetal mouse ovaries. They 
carefully cultured those cell clusters for more 
than a month. 

Each cell cluster—a labmade ovary— 
produced on average more than 50 ma- 
ture egg cells. Those eggs had higher rates 
of chromosome abnormalities than typical 
mouse eggs, but more than 75% had the cor- 
rect number of chromosomes. The scientists 
mixed apparently normal eggs with mouse 
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Mouse egg cells derived in the lab from embryonic stem cells. 


sperm, producing more than 300 two-cell 
embryos, which they then implanted into fos- 
ter mothers. Only 11 of those embryos—3%— 
grew into full-term pups, compared with 62% 
for eggs taken from adult mice and fertilized 
in vitro. The pups from lab-grown eggs that 
did survive grew into fertile adults, and lived 
at least a year. But the researchers didn’t look 
for subtle problems that may have affected 
the animals. 

If scientists could similarly transform fe- 
male human ES or iPS cells into functional 
egg cells, they could offer new options for 
some cases of female infertility, as in women 
who have gone through egg-destroying 
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chemotherapy. A more controversial applica- 
tion might be to try to generate egg cells from 
iPS cells derived from a man. 

As a first step to any clinical use, the 
group is now testing the method on non- 
human primate stem cells, but they stress 
that it is far too early to count on any hu- 
man applications. For one thing, work by 
other researchers has shown that mouse 
and human germ cells require different sig- 
nals to develop. Another road block is 
the method’s current need for ovary 
cells taken from a mouse fetus. Such 
human fetal cells are not readily 
available. Hayashi and Saitou sug- 
gest that it might be possible to de- 
rive similar cells from ES or iPS cells, 
but scientists have yet to turn human 
ES or iPS cells into any complex tis- 
sue type, and researchers know rela- 
tively little about early human ovary 
development. 

Culturing human eggs from begin- 
ning to end could also take a much 
longer time: A mouse is born after 
just 3 weeks, whereas human preg- 
nancy lasts 9 months. Other attempts 
to translate mouse stem cell research 
to human cells have stumbled because 
human cells take longer to grow and 
divide. And because cells in culture 
collect genetic damage over time, 
labmade human eggs might build up 
more harmful mutations. “We cannot 
exclude a risk of having a baby with a 
serious disease,’ Hayashi says. 

Biologists are also divided on 
just how much insight the mouse 


work will provide into egg de- 
velopment. Allan Spradling, 
who studies oocyte  develop- 


ment at the Carnegie Institution for 
Science in Baltimore, Maryland, cautions 
that any attempt to recreate a process as in- 
tricate as egg development is sure to leave 
out important factors that aren’t yet under- 
stood. Yet because we can’t study normal 
egg development in live human subjects, 
seeing it unfold in a dish is certain to be 
valuable, says Azim Surani, who studies 
germ cell development at the Gurdon Insti- 
tute at the University of Cambridge in the 
United Kingdom. Combined with modern 
genetic tools, labmade eggs “can potentially 
tell us a lot.” Those insights could have an 
impact in the clinic long before any such 
egg is used to produce a human baby. & 
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INVASIVE SPECIES 


Alien fungus blights 
Hawaii’s native trees 


Big Island is under assault from deadly invader 


By Inga Vesper, on Big Island in Hawaii 


n ecological disaster is unfolding 

here on Hawaii's largest island. Along 

the South Kona Highway, near Keokea, 

lush emerald forest suddenly gives 

way to bleak stands of dead ‘Shi'a, 

their bare limbs outstretched against 
the blue sky. Rapid ‘Ohi’a Death (ROD), 
caused by an imported fungus, is causing Ha- 
waii’s iconic native tree to perish in droves. 
Some 20,000 hectares are now affected, ac- 
cording to a survey by the U.S. Department of 
Land and Natural Resources presented at the 
International Union for Conservation of Na- 
ture World Conservation Congress summit in 
Honolulu last month. A flurry of research to 
understand the invader—and find a way to 
stop it—is underway. 

“People are heartbroken. To them, ‘hi’a 
are part of the family,’ says J.B. Friday, a for- 
estry scientist at the University of Hawaii 
(UH) in Honolulu. “If we lose ‘Ohi’a, we'll lose 
a big part of Hawaiian culture.” 

Abundant across the archipelago, ‘shi’a 
are the only native tree in Hawaii that colo- 
nize lava flows. Their flowers are one of the 
few here that produce nectar for honey, and 
they provide habitat for several rare species 
of native birds and insects. The tree’s exten- 
sive root network helps guide rainwater to 
underground aquifers. Researchers suspect 
that runoff is severe in areas where ROD 
has killed off ‘Ohi’a. As a result, ROD could 
threaten Hawaii’s freshwater supplies, says 
Rob Hauff, a forester with the U.S. Division of 
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Forestry and Wildlife in Honolulu. 

The outbreak exploded in 2014, in dense 
‘Ohi’a groves in Hilo Forest Reserve on Big 
Island’s eastern side, and has worsened ever 
since. But the saga probably began imper- 
ceptibly, perhaps 20 years ago, when the 
fungus, Ceratocystis fimbriata, sneaked onto 
Big Island on imported plants. Strains of C. 
fimbriata have for decades ravaged mango, 
sweet potato, and pine- 
apple crops in Asia and 
the United States. (An- 
other Ceratocystis species 
infects Hawaiian pine- 
apples.) Although Hawaii 
restricts the import of 
nonnative plants, patho- 
gens can slip in with the 
new crop seeds and seed- 
lings that are routinely 
brought in to improve lo- 
cal agriculture. “If only we 
knew [the source of C. fim- 
briata], we would be able 
to prevent people from 
moving that plant around 
or importing new ones,’ Friday says. 

Characterizing the ROD strain might help 
researchers mount a defense for ‘Ghi’a, as well 
as determine whether other native plants or 
crops are vulnerable. Toward that end, Lisa 
Keith and colleagues at the U.S. Agricultural 
Research Service outpost in Hilo, Hawaii, are 
comparing the ROD strain’s DNA to other 
C. fimbriata strains. 

Scientists are also trying to unravel pre- 
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Rapid ‘Ohi’a Death is now spre 
fast across Hawaii’s Big Island. 


As ‘shi’a die off, species that rely on the trees for 
habitat, like the Hawaiian ‘i’iwi, face hard times. 


cisely how the fungus spreads. Ambrosia 
beetles, including several in the genera 
Xyleborus and Xyleborinus, appear to play a 
role. To find food, the beetles bore into ‘ohi’a, 
scattering wood dust. Dust contaminated 
with the fungus is transported to new ar- 
eas on clothing or on the wind, researchers 
believe. “Wind patterns correspond some- 
what to [the outbreak pattern] and is the 
best theory currently of how it’s spreading,” 
Hauff says. Scientists are also investigating 
whether the fungus hitches a ride on the 
beetles themselves. “By understanding the 
routes of transmission, we can possibly dis- 
rupt transmission during a vulnerable stage 
in the disease cycle,” says Curtis Ewing, an 
entomologist at UH in Hilo. 

As scientists work out a strategy for com- 
batting the fungus, the near-term goal is to 
contain it. They are encouraging locals to 
stop moving ‘Ohi’a wood and sawdust around 
the island, wipe ‘Ohi’a-cutting tools with alco- 
hol, and use clean cars and gear before ven- 
turing into ‘Ohi’a forests. 

Vigilance has also required cultural sacri- 
fices. ‘Ohi’a blossoms are popular for making 
leis for dances and festivals. At a festival here 
last spring, organizers banned the blossoms, 
forcing dancers to destroy their leis. The fear 
was that dancers would take leis to other 
islands and possibly spread ROD. “It took 
a great deal of education and some pain- 
ful adjustments of tradition to adapt,” says 
Samuel ‘Ohukani’ohi’a Gon, a senior scien- 
tist and cultural adviser 
in the Honolulu office of 
The Nature Conservancy, 
a nonprofit. 

To get a sense of what’s 
at stake beyond Big Is- 
land, there is no better 
place than Ka’ala bog 
forest reserve on Oahu. 
Here, millennia of ‘ohi’a 
growth have created a 
swampy, springy soil that 
holds water like a sponge. 
Shrouded in a cool mist, 
the 445-hectare reserve 
sits high above Hono- 
lulu, where nearly half a 
million people depend on the upland forest 
for drinking water. All is quiet here except 
for the soft trills of ‘apapane, a rare honey- 
creeper. As far as scientists know, Cerato- 
cystis hasn’t jumped to Oahu. But the longer 
it takes to mount a defense against the fun- 
gus, the higher the odds that this refuge, too, 
will come under siege. ® 
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Inga Vesper is a journalist in London. 
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The first Jaws 
A fossil fish helps to explain 
how jaws first evolved 


By John A. Long 


inosaurs were once widely considered 

an evolutionary dead end without 

much bearing on the evolution of 

living animals. Yet, today itis clear that 

theropod dinosaurs gave rise to birds, 

and that dinosaurs are therefore still 
alive today. Similarly, placoderms, a group of 
extinct armored fishes, long held little or no 
interest to evolutionary biologists. However, 
discoveries from China are changing that 
by showing how important placoderms are 
to understanding the early assembly of the 
vertebrate body plan. On page 334 of this 
issue, Zhu et al. (1) report the discovery of 
a placoderm from Qujing in Yunnan, China, 
that fills a big gap in our understanding of 
how vertebrate jaws evolved. 

The appearance of jaws in placoderms 
marks one of the great turning points in 
early vertebrate evolution. The first jawed 
fishes became the primary predators in the 
food chain and diversified into many feeding 
niches. Placoderms dominated the seas, 
rivers, and lakes of the Devonian period 
(~419 to 359 million years ago) and include 
the world’s first megapredators, such as 
Dunkleosteus, which reached about 30 feet 
in length (2). However, until the Qujing site 
was discovered, the record of placoderms 
from the Silurian period (443 to 419 million 
years ago), when placoderms first appear in 
the fossil record, was very poor. 

Zhu and colleagues have been excavating 
the Qujing site intensively for the past 
decade. They have made a series of 
intriguing discoveries, including the oldest 
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Qilinyu, in the foreground and above, was part of a diverse fauna of early placoderms and bony fishes that lived in 
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China about 425 million years ago. Their fossil remains reveal the early stages in the evolution of vertebrate jaws. 
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known complete bony fish (osteichthyan), 
Guiyu (3), as well as the oldest known 
complete placoderms. One of_ these, 
Entelognathus (4), is arguably one of the 
most important fossils found in the past 
century. It bridges a huge morphological 
gap between the extinct placoderms and the 
living bony fishes (Osteichthyes, the clade 
that also includes tetrapods). 

Entelognathus had a complex set of der- 
mal bones forming the lower jaw, and large 
plates underneath the throat. Its lower jaw 
was formed by the dentary and infraden- 
tary bones, with an upper jaw formed by 
the premaxilla and maxilla. This jaw pat- 
tern is typical of all early osteichthyans and 
many tetrapods. 

The Entelognathus jaw pattern posed 
a conundrum for evolutionary biologists. 
Were the first jaws complex structures 
made of many external dermal bones, as 
in Entelognathus and osteichthyans, or 
were the simple blade-like jaws of most 
placoderms the primitive condition? If the 
first jaws were complex, then this implied 
that the oldest known complete placoderm, 
Entelognathus, was far more advanced in its 
jaw structure than all later placoderms. 

Various phylogenetic analyses posited 
Entelognathus as either a sister group to 
all crown gnathostomes (Osteichthyes and 
Chondrichthyes) (4), or a sister group to 
some placoderms and crown gnathostomes 
(5), or as the immediate sister group to 
Osteichthyes (6). Either way, it is regarded 
as the most derived of all placoderms 
from these analyses, yet is also the oldest 
known complete taxon of the group. As 
to whether placoderms are a single clade 
or a sequential set of clades (7), it seemed 
likely that only new discoveries of complete 
early placoderms could help to resolve this 
problem. 

Zhu et al. now report the discovery of 
the placoderm Qilinyu (pronounced “chee- 
lin-you”) at the Quijing site. This bizarre 
armored fish sports a flat extended rostrum, 
giving it a dolphin-shaped head. Yet, its 
most important feature is its jaws. Unlike 
Entelognathus, its lower jaw does not carry 
a complex set of external dermal bones. 
Instead, it has a simple bent blade-like jaw 
with a small palatal lamina and a large 
facial lamina (see the figure). In this respect, 
it more closely resembles other placoderms, 
whose lower jaws are mainly developed 
along the palatal aspect for biting. Like 
Entelognathus, Qilinyu possessed maxilla 
and premaxilla forming the upper jaw, 
demonstrating this as an early placoderm 
and osteichthyan pattern. 

We can see in Qilinyu a new stage in 
placoderm jaw evolution, in which an 
external lamina of dermal bone begins 
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to reinforce the jaw. This trend is more 
extensive in Entelognathus. The simple jaws 
of later placoderms are regarded as a primi- 
tive condition for jawed vertebrates because 
they had not yet evolved an outer covering 
of dermal bones. Thus, Qilinywu provides 
an elegant explanation for why other 
placoderms lack complex jaws and how the 


The next burning question at this node 
of vertebrate evolution is whether teeth 
evolved at the same time as or after the first 
jaws. Both Entelognathus and Qilinyu lack 
teeth on their jaws, as does a group of basal 
placoderms known as antiarchs (9). However, 
other placoderms called arthrodires did 
possess a relatively advanced tooth structure 


Placoderm fishes gave us jaws 


Jaws first evolved in placoderms and later transformed into those found in osteichthyans and tetrapods. 
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osteichthyan jaw evolved. It strengthens the 
case for homology between placoderm and 
osteichthyan jaw elements. 

The cheek of Qilinyu also shows a bone 
found in Entelognathus and most early os- 
teichthyans, the lacrimal, which is not pres- 
ent in any other placoderms. Furthermore, 
Qilinyu provides the first hard evidence 
that the earliest placoderms had paired 
pelvic fins. Recent work has shown that 
placoderms were the first vertebrates 
to have paired hind limbs and paired 
external genitalia (bony claspers), the 
latter formed by the same developmental 
process as for typical vertebrate limbs (8). 
The phylogenetic analysis places Qilinyu 
as one node further down the tree than 
Entelognathus (see the figure). 
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of bony plates 8 Infragnathal 
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(see the figure) (JO). It remains unclear why 
teeth evolved in some placoderms and not 
others, and whether or not tetrapod teeth 
were derived from placoderm teeth. Could 
this be the next big breakthrough that 
placoderm fossils help to resolve? 
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CELL SIGNALING 


A photoreceptor's on-off switch 


Light-induced protein interaction controls the signaling of a plant cryptochrome 


By Christian Fankhauser! and Roman Ulm? 


hotoreceptors are present in all 
kingdoms of life. They fulfill a broad 
range of functions, including vi- 
sion, photoprotection, and regulat- 
ing growth and development (1). To 
maintain photosensitivity, photore- 
ceptor-mediated signaling must be turned 
on and off in a timely fashion. For example, 
the signaling state of human visual rho- 
dopsins is very short-lived, and patients 
with defective rhodopsin inactivation suf- 
fer from severe dark adaptation problems, 
illustrating the importance of inactivation 
mechanisms (2). On page 343 of this issue, 
Wang et al. (3) report a mechanism of con- 
trolling the signaling activity of a family of 
photoreceptors in plants. They show that 
cryptochromes are activated through blue 
light-induced homodimerization. This di- 
merization and all subsequent signaling 
events are blocked by the interaction be- 
tween light-activated cryptochrome and a 
protein coined BLUE-LIGHT INHIBITOR 
OF CRYPTOCHROMES 1 (BIC1) (3). This 
system is proposed to control the fraction 
of cryptochrome photoreceptors engaged 
in cellular signaling, contributing to the 
maintenance of photosensitivity. 
In insects and throughout the green 
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Light switch 


lineage, cryptochromes are a family of 
blue-light photoreceptors. However, in 
mammals, cryptochromes do not function 
as photoreceptors but are part of the cir- 
cadian oscillator (4). Presently, there is no 
evidence that animal cryptochromes act as 
homodimers in vivo; however, similar to 
plant cryptochromes, they signal through 
protein-protein interactions. The model 


“Outside of plants, the 
discovery of BICI may 

lead to further developments 
in the use of cryptochromes 
for optogenetics.” 


plant Arabidopsis thaliana has two cryp- 
tochromes called CRY1 and CRY2, with the 
former primarily controlling blue light- 
regulated seedling establishment, whereas 
the latter controls photoperiod-mediated 
flowering (4). Plant cryptochromes have 
long been known to work as dimers (or 
oligomers) (5, 6). The functional photore- 
ceptor cry2 (CRY2 plus a chromophore) 
has a propensity of homo-oligomerizing 
in response to blue light, a feature that 
was exploited to design optogenetic tools 
(7). Wang et al. now provide several lines 
of evidence supporting blue light-induced 
dimerization as a central event in the ac- 
tivation of cryptochrome signaling in 
plants. They show that cry2 homodimer- 


Light induces homodimerization of cry2 and subsequent signaling events, including its interaction with CIB and 
SPA proteins. The latter interaction stabilizes CONSTANS (CO); both interactions lead to flowering. BIC1 binds 
to cry2 and suppresses blue light-dependent cry2 dimerization and all light-induced-signaling events. 
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Light activates cry2 2 Ys by making it form a dimer. 
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binding prevents 
light-induced events. 
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izes in response to blue-light absorption 
in plants, and BICI overexpression blocks 
light-regulated cry2 homodimerization, 
phosphorylation, and degradation, as well 
as interaction with downstream signaling 
partners such as the transcription factor 
CRYPTOCHROME-INTERACTING BASIC- 
HELIX-LOOP-HELIX 1 (CIB1) (8), blocking 
physiological responses (see the figure). 

Light-regulated dimerization has also 
been reported in several members of an- 
other blue light-photoreceptor family. 
LOV (light oxygen voltage) domain photo- 
receptors exist in plants, fungi, algae, and 
numerous prokaryotes. The photosensory 
LOV domains combine with various out- 
put domains, including protein kinase 
domains or DNA-binding domains. Light 
activation leads to dimerization of several 
“LOV-DNA binding domain” photorecep- 
tors, enhancing photoreceptor affinity to 
target sequences (9-11). Interestingly, light 
triggers LOV-mediated homodimerization 
of the fungal white collar complex (WCC) 
photoreceptor, a circadian transcription 
factor. This induces VIVID, a negative 
regulator that interferes with WCC activity 
by forming competing heterodimers with 
WCC (11). However, light-induced dimer- 
ization is not a prerequisite for all LOV 
domain photoreceptors (72), and whether 
this happens for plant LOV domain pho- 
toreceptors such as the phototropins and 
ZEITLUPE remains unknown. 

The ultraviolet B (UV-B)-photorecep- 
tor UVR8 presents another example of 
regulation of the oligo- 
meric state by light. In its 
ground state, UVR8 is a 
\ homodimer, and UV-B ab- 

sorption leads to photore- 
ceptor monomerization, 
a conformer that engages 
a in subsequent signaling 
events through protein- 
protein interactions (13). 
The return to the ground 
state of UVR8 is facili- 
tated by the interaction 
of the UVR8 monomer 
with REPRESSOR OF 
UV-B PHOTOMORPHO- 
GENESIS 1 (RUP1) and 
RUP2, a pair of UV-B-in- 
duced proteins (J4). This 
negative feedback system 
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ensures the presence of a pool of dimeric- 
inactive UV-B photoreceptors, which is 
probably essential to maintain UV-B sen- 
sitivity. The discovery of BICI1 and -2 as key 
regulators of the cryptochromes presents 
interesting analogies and differences with 
the UVR8-RUP system. By inhibiting cryp- 
tochrome dimerization, BICs prevent all 
subsequent signaling events (3). Given that 
expression of BIC1 and -2 is attenuated in 
cryptochrome mutants, there is also some 
evidence for a possible negative feedback 
loop coupling cryptochrome activation to 
the production of its negative regulators. 

Light regulation of the oligomeric state 
and the regulation of this process by ac- 
cessory proteins is crucial for the plant 
photoreceptors UVR8 and cryptochromes. 
Interestingly, in the former, monomers sig- 
nal, whereas in the latter, homodimers do. 
Understanding how BIC expression and 
activity is regulated in vivo will be impor- 
tant to understand how the cryptochrome 
off-switch is wired, particularly whether 
it represents a node of cryptochrome sig- 
naling regulation modified by other envi- 
ronmental cues. It will also be exciting to 
learn about the exact mechanism of BIC 
action; in particular, are they primarily 
preventing dimerization by interacting 
with cryptochrome monomers or promot- 
ing the return to a monomeric state, or 
both? Outside of plants, the discovery of 
BIC1 may lead to further developments in 
the use of cryptochromes for optogenetics. 
Last, it will be interesting to test the evolu- 
tionary conservation of this newly discov- 
ered regulation of the active dimer state 
for animal cryptochrome activity. 
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CHEMICAL PHYSICS 


Molecular unaging at 
1-femtosecond resolution 


Loss of a hydrogen atom from acetylene is observed 


with electron diffraction 


By Chong-Yu Ruan 


e cannot yet watch all the steps of 
a gas-phase chemical reaction as it 
occurs, but we can come close. On 
page 308 of this issue, Wolter et al. 
(1) use an electron-imaging tech- 
nique to capture the predissociated 
state of acetylene molecule just 9 fs after its 
ionization. On this time scale, the departing 
hydrogen atom and the remaining molecular 
fragment form an aloof complex in which the 


approach taken by Wolter et al. is more akin 
to diffraction of a photoelectron (4) that oc- 
curs entirely within the ionized molecule. 
The time resolution is incorporated by us- 
ing the laser field as the clock to trigger and 
time both the chemical reaction and the pho- 
toelectron probe. By examining the far-field 
pattern of this self-diffraction over a specified 
energy window, an effective shutter speed 
(the time window over which the molecular 
scattering is recorded to form a snapshot) as 
low as 0.6 fs has been accomplished. 


Follow the fragments 


Wolter et al.'s performed femtosecond imaging of an acetylene molecule ionizing it twice to form two 
fragments, HCC+ and H+ and breaks a C-H bond. This event is captured 9 fs after ionization by recording the 
far-field diffraction patterns produced by the emerging photoelectron waves with 0.6-fs time resolution. 


Initial 

state 
An acetylene molecule (carbon in 
gray and hydrogen in blue) is optically 
aligned and then driven into a highly 
excited state through intense laser 
fields (red). 
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Energy 


electronic coherence required to form bonds 
between the two is not yet fully lost. Imaging 
such transient states under different optical 
excitation conditions with high spatiotempo- 
ral resolution holds key information on selec- 
tive photochemistry that may enable control 
of chemical reactions. 

Normally, such diffraction experiments 
have been conducted with higher-energy 
electrons, as realized by Zewail and co-work- 
ers (2), or more recently with hard x-rays at 
free-electron laser facilities (3). However, the 
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Time 


To see how this ultrahigh-speed imaging 
is possible, it is critical to understand the 
principles behind the conventional pump- 
probe experiments that ushered in the era 
of femtochemistry (5). In such a scheme, one 
short pulse (the “pump?”) is first used to initi- 
ate the chemical process and is followed by 
another short pulse (the “probe”) interrogat- 
ing its evolution. Making a molecular movie 
that encompasses the entire process requires 
the events to be reconstructed over differ- 
ent delays. However, the initiation must be 
abrupt, and good synchronization between 
the pump and probe pulses must be main- 
tained within the desired time resolution, to 
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avoid jitter. Also, the physical processes un- 
der investigation must completely reset be- 
fore each pump-probe cycle repeats in order 
to maintain a consistent causality between 
the reconstructed event sequences. For the 
time frames for molecular imaging reported 
by Wolter et al., meeting these two condi- 
tions in conventional pump-probe studies is 
difficult because time jitter can easily set in 
at the 10-fs time scale. Also, image formation 
can be obscured because photoinduced mo- 
lecular dissociation can proceed on multiple 
fragmentation pathways. These different out- 
comes normally can only be sampled statis- 
tically because tracking individual events is 
prohibited by the uncertainty principle. 

In fact, the reported ~1-fs resolution is 10 
times shorter than the optical cycles (~10 
fs) of the mid-infrared pulses used to initi- 
ate the events. The ability to go beyond the 
traditional pulse-envelope-limited resolution 
and even sort out complex reactions is made 
possible by using “tagging” to isolate infor- 
mation. Taking their lead from coincidence 
schemes frequently used in the nuclear scat- 
tering experiments, Wolter et al. acquired the 
signals of both departing electrons and posi- 
tive ions in their detection scheme to isolate 
specific excitation channels. Furthermore, 
given the precise timing of the optical field 
that also encodes a periodic time-energy (t-F) 
correlation on the departing electrons by way 
of high-field tunnel ionization, events can be 
delicately sorted out by analyzing the energy 
of the electrons arriving at the detectors. 

From the knowledge of these correlations, 
post-collection analysis of events distributed 
over a 1-eV energy window (6£) yields a mere 
0.2-fs shutter speed (62), according to classi- 
cal trajectory calculations of the tunnel-ion- 
ization process. This extremely high temporal 
resolution may at first glance appear to vio- 
late the uncertainty principle, that 6E6t > 
h (Planck’s constant). In this case, it would 
impose an ~4-fs uncertainty in timing of the 
specific electron arriving at the detector if 
such a measurement were conducted. 

However, the power of this resolution by 
correlation is not in sidestepping the un- 
certainty principle but in relying on the 
knowledge of the phase-space structure of 
the outgoing electrons. Although the overall 
phase space (¢-£) of single electrons still ex- 
tends over h, the exact correlation in ¢ and 
FE developed during the extraction process 
allows the identification of ¢ by measuring 
E, to the precision of ~0.6 fs in this case. 
The penalty is taken in the sensitivity. The 
counting conducted in the specific energy- 
time window of the restricted electron phase 
space is scarce and relies on large statistical 
samplings, which fortunately is not prohibi- 
tive because of the nearly jitter-free nature of 
this imaging approach. 
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In spite of this exquisite demonstration 
of time resolution in molecular imaging, the 
technology in its current form is still limited 
in the dynamical range set by the optical cy- 
cle (~10 fs) and has a modest structure reso- 
lution. In terms of applications, these pros 
and cons seem to be orthogonal to the con- 
ventional ultrafast electron and x-ray diffrac- 
tion technologies, which are more flexible in 
deployment but nonetheless face challenges 
in reaching the sub-10-fs time scale because 
of timing jitter. 

However, the idea of improving resolu- 
tion by tagging the events through correla- 
tion as demonstrated here is more general. 
In fact, the next generation of ultrafast 
electron-imaging technology development 
aims at circumventing the limitations 
posed by space-charge-driven expansion 
through actively controlling the beam dy- 
namics (6). In one central aspect, the objec- 
tive is to delicately shape the phase-space 
structure developed through the space- 
charge effect by designing new actively 
controlled optical components to recon- 
struct the electron pulse’s phase space for 
optimizing performance (7). In another 
aspect, high-brightness beams created by 
controlling the photoemission can lead to 
highly compact electron pulses that can 
retrieve structural information in single 
shots, extending the pump-probe scheme 
to irreversible scenarios (8). 

These strategies of dynamical phase-space 
control also provide means to encode infor- 
mation that can be used to improve the time 
resolution. For example, the phase-energy 
correlation developed through active fields 
used for pulse compression (9) can be ex- 
ploited to resequence the events scrambled 
by timing jitter based on post-selection of 
pulse energy determined through diffrac- 
tion itself. These various new developments, 
although operating in very different settings, 
share the key aspects of constraining and 
manipulating the phase space of the imag- 
ing electrons to transcend current resolution 
limits, presenting a bright future for electron- 
based ultrafast imaging technologies. 
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ANTIBODIES 


Mitting Ebola, 
to the power 
of two 


Bispecific antibodies are 
engineered to thwart ebola- 
virus entry into cells 


By Aran F. Labrijn' and 
Paul W. H. I. Parren’? 


assive immunotherapy with thera- 
peutic antibodies is one of the most 
promising treatments for Ebola virus 
infection. Despite disappointing ini- 
tial results using single monoclonal 
antibodies (mAbs) (J), successful post- 
exposure protection in nonhuman primate 
models of Ebola virus infection was eventu- 
ally achieved using “designer polyclonals” 
that mixed individual mAbs (2). The efficacy 
of an optimized three-mAb cocktail (ZMapp) 
in protecting nonhuman primates (3) was 
the basis of its compassionate use and clini- 
cal evaluation during the 2014 to 2015 West 


“.-DsAb technology may... 
provide exciting therapeutic 
opportunities...” 


African Ebola virus outbreaks. The limited 
protective breadth of available antibodies 
against specific ebolavirus species, however, 
raises concerns with respect to a general 
preparedness for filovirus outbreaks (4). On 
page 350 of this issue, Wec et al. (5) describe 
exploiting the powerful nature of bispecific 
antibodies (bsAbs)—the ability to recognize 
two different proteins or epitopes with a 
single antibody—to block entry of multiple 
ebolavirus species into cells. This may lead to 
the development of antiviral immunotherapy 
with cross-filovirus activity. 

Ebola virus, like other filoviruses, is un- 
usual in that it bears a glycoprotein that 
exposes its receptor binding site only after 
entry and processing in an intracellular vesi- 
cle (endosome). Productive infection requires 
the virus to escape from the endosome by 
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interacting with its receptor, an endosomal 
transporter protein (6, 7). Both the conserved 
nature of the viral glycoprotein’s binding site 
for the host cell receptor and its critical role 
in filovirus infection would make it an attrac- 
tive target for protective antibodies, were it 
not for the inaccessibility of the binding site 
to antibodies. Therefore, Wec et al. generated 
bsAbs that bear both the binding domain of 
a mAb specific for a conserved and exposed 
epitope present on all known ebolavirus gly- 
coproteins, and the binding domain of an 
antibody that interrupts interaction between 
the cleaved viral glycoprotein and the endo- 
somal transporter protein Niemann-Pick Cl 
(NPC1). Hence, the bsAb binds to the virus ex- 
tracellularly and holds on while it enters the 
endosome. Once in the endosome, the second 
domain of the bsAb binds to the glycoprotein 
epitope that is revealed upon cleavage, and 
blocks viral entry into the host cell (see the 
figure). This “Trojan horse” approach could 
thus be used to outsmart the formidable 
fortifications of this lethal virus and create 
a single agent with an unprecedented effec- 
tiveness. Wec et al. show that the bsAb neu- 
tralized all known ebolaviruses in vitro and 
conferred postexposure protection against le- 
thal challenge with multiple viruses in mouse 
models. The power of the bsAb approach is 
highlighted by the fact that simple mixtures 
of the parent antibodies were ineffective. 
Wec etal. provide a dramatic example of the 
improvement that can be achieved by physi- 
cally connecting an appropriate combination 
of antibody binding specificities. Indeed, 
therapeutic applications that are unique to 
bsAbs involve those in which the combina- 
tion of two antibody specificities generates a 
new functionality not present in the parent 
antibodies. Because of the dependence on the 
two binding domains for activity, such anti- 
bodies have been termed “obligatory bsAbs” 
(8), a few examples of which now exist. In 
oncology, obligatory bsAbs are being used to 
redirect effector cells for the killing of tumor 
cells. Most of these bsAbs, including the mar- 
keted therapeutic bsAb blinatumomab, com- 
bine an agonistic antibody binding domain 
that recognizes a T cell co-receptor (CD3), 
with a binding domain that recognizes a 
tumor-associated antigen; thus, the T cells 
and tumor cell are brought together. In addi- 
tion, the redirection of natural killer lympho- 
cytes (9) to target tumor cells is also being 
pursued. Emicizumab, a bsAb that binds the 
blood clotting factors X and IXa, has been 
designed to replace the activity of factor VIII 
in patients with hemophilia A (J0) and is cur- 
rently in phase 3 clinical trials. In another ap- 
plication, bsAbs that can selectively activate 
or inhibit pairs of targets on a single cell are 
being developed. Examples include a bsAb 
directed against fibroblast growth factor re- 
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The bispecific's powers 


Combining binding specificities into one antibody can lead to functionalities not present in the individual 
antibodies. An example of a bispecific antibody that blocks Ebola virus infection is shown. 


mAb specific — mAb specific Ebola virus 
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Entry into cytoplasm blocked 


ceptor 1 (FGFR1) and BKlotho (KLB) to treat 
diabetes (thus, activating FGFR1 only in the 
presence of KLB) (11) and a bsAb that targets 
the epidermal growth factor receptor (EGFR) 
and the hepatocyte growth factor receptor 
(cMET) for cancer treatment (blocking both 
receptors to prevent treatment escape) (72). 
Also, the “hijacking” of transcytosis pathways 
(which transport macromolecules, in vesicles, 
through a cell barrier) would give bsAbs ac- 
cess to immunoprivileged sites such as the 
human brain (3), and represents another at- 
tractive application of obligatory bsAbs. 

The design of new functionalities in a 
bsAb is not straightforward and may often 
combine knowledge-based and empirical ap- 
proaches. As shown by Wec e¢ al., insights 
into the molecular mechanisms of filovirus 
infection, in combination with the availabil- 
ity of mAbs against the relevant epitopes, 
were critical in selecting the binding do- 
mains of the bsAb. As the biological activity 
of both arms of the bsAb occurs sequentially 
and does not require simultaneous binding, 
the relative epitope topology is likely to play a 
subordinate role in such applications and can 
thus be exploited by bsAb formats of different 
design (8). By contrast, for applications where 
simultaneous binding is a prerequisite, such 
as for selective agonists like emicizumab, the 
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selection of binding arms of a bsAb is much 
more dependent on empirical approaches 
in which identifying just the right combina- 
tion of binding specificities may require the 
screening of thousands of binding pairs. In 
addition, architecture of the selected bsAb 
format and positioning of the binding arms 
may impact the antibody’s activity. 

After decades of optimization, bsAb tech- 
nology may finally start to deliver on its 
promise in which obligatory bsAbs with 
new functionalities provide exciting thera- 
peutic opportunities, the design of which 
may only be limited by our imagination. 
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BEHAVIOR 


Why I know but don't believe 


Individuals hold interdependent beliefs that affect whether 
or not they accept scientific findings 


By Carter T. Butts 


espite extensive efforts at public sci- 
ence education, polling over the past 
30 years has consistently shown that 
about 40 to 45% of Americans believe 
that humans were supernaturally cre- 
ated in the past 10,000 years (1). A nat- 
ural interpretation of this finding is that U.S. 
science education is failing to reach nearly 
half of the population, and that wide- 
spread belief in recent human origins 
reflects basic scientific illiteracy. How- 
ever, the reality is more complex (2): 
Many of those who reject evolution- 
ary theory are aware of the scientific 
consensus on the subject, and such 
rejection is not always associated with 
low scientific literacy. Similar results 


have been found for beliefs regarding Strength Independent beliefs Interdependent beliefs 
anthropogenic climate change (3). On of belief 

page 321 of this issue, Friedkin et al. Rejection 

(4) provide a key step toward under- 

standing this phenomenon by intro- 

ducing a simple family of models for | 

social influence among individuals Acceptance 

with multiple, interdependent beliefs. 

Current models for interpersonal Equilibrium 
influence are many and varied, re- ERWa 
flecting differences in the purposes 
and time scales for which they are 
used. Of central importance is the 
time scale on which influence takes 
place, relative to the dynamics of the rn rms 
underlying network through which 
this influence is transmitted. Where 
these processes operate on similar 
time scales, social selection pro- rrr ab ; 

istribution o 
cesses—such as whether people select pai 


partners who are similar to or differ- 
ent from them (5)—can interact with 
influence processes, requiring both to 
be modeled simultaneously (6). 
Where network dynamics are slow 
compared to the influence process, 
the latter can be approximated by 
the evolution of individual states on a fixed 
network. Most social influence models op- 
erate in this regime (7-10), as does Friedkin 
et al’s model (4). Both the latter (4) and the 
Friedkin-Johnsen model that it extends (10) 
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can be used to model attitudes as well as 
beliefs in empirical propositions. They thus 
provide a flexible framework for model- 
ing influence processes that evolve quickly 
relative to the dynamics of the underlying 
network. 

Current models of social influence in- 
corporate fairly detailed representations of 
social structure, but cognitive structure has 
been given short shrift. There are several 


How beliefs interdepend 

Friedkin et al.'s model shows that interdependence of different 
beliefs can cause groups to become strongly polarized despite 
being exposed to what should be moderating influences. Similar 
mechanisms may explain why some groups reject scientific 
findings, despite being aware of them. 


Polarization o 
proposition A fol 


Concensus on 
proposition A 


competing frameworks for representing 
belief structures in the psychological litera- 
ture (11-13), all of which support the notion 
of belief interdependence. Yet, most models 
of social influence consider only a single be- 
lief or treat multiple beliefs as cognitively 
independent. This limitation makes it dif- 
ficult to account for the ways that belief 


For instance, an individual who believes 
that human civilization is too insignificant 
to alter the global environment will tend to 
resist evidence for anthropogenic changes 
in atmospheric carbon dioxide concentra- 
tion, because the former belief undermines 
the latter. If this same person is later per- 
suaded (perhaps in an entirely different 
context) that human civilization can alter 
the global environment, he or she may be- 
come more likely to accept the notion that 
human activity has substantially increased 
atmospheric carbon dioxide levels. Simi- 
larly, belief structures can in some cases 
amplify the impact of social influence by 
leading persons persuaded to accept one 
proposition to immediately accept other 
propositions that follow from it. 


group boundari 


The Friedkin et al. model addresses this 
problem by incorporating an “in- 
trapersonal” influence mechanism, 
in which acceptance of one propo- 
sition influences the acceptance of 
others (see the figure). Connections 
among propositions are represented 
as a weighted network, providing a 
flexible means of specifying inter- 
dependent beliefs. The simplicity 
and extensibility of Friedkin et al’s 
model make it a natural starting 
point for exploring further ques- 
tions regarding belief structures and 
social influence. Perhaps foremost 
among these is the question of how 
influence on beliefs regarding the 
trustworthiness of evidence (eviden- 
tiary beliefs) affects social outcomes. 
Simulation studies have shown (9) 
that individuals’ beliefs regarding 
the reliability or veracity of other in- 
dividuals’ testimony can radically al- 
ter both the probability of obtaining 
group consensus and the nature of 
the consensus view where obtained. 
Modeling what happens when such 
beliefs are themselves subject to so- 
cial influence may provide a means 
of predicting the emergence of 
“epistemically closed” communities, 
whose extreme skepticism toward 
outside sources of evidence renders 
n them vulnerable to persistent errors 
that are difficult to correct. 
Individuals’ beliefs can also affect 
the extent to which incoming infor- 
mation—whether from others’ testimony 
or environmental sources—is attended to 
or perceived as relevant. For example, in 
the 1954 collective delusion known as the 
“Seattle windshield pitting epidemic” (14), 
persons who were alerted to the possibility 
of tiny defects in their windshields began 
seeking them. They then took the inevita- 


dynamics can shape persuadability. 
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ble discovery of such flaws as confirmation 
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of the theory that a novel and potentially 
hazardous mechanism was pitting wind- 
shields in the area. They communicated 
their discoveries to others, who conducted 
their own inspections, became convinced 
themselves, and continued to spread the 
belief to yet more persons. Further exten- 
sions to the current generation of models 
could help to identify the conditions that 
allow such phenomena to emerge and to 
explore how they might be inhibited. 

An even more basic challenge is to model 
the effect of beliefs on information ex- 
change itself. In the experimental settings 
in which models of the Friedkin-Johnsen 
type have been most frequently applied, it 
is reasonable to assume continuous com- 
munication surrounding the focal issue. In 
natural settings, however, communication 
is affected by many structural, contextual, 
and cultural factors, all of which may affect 
the potential for one individual to express 
his or her beliefs to another. Individuals’ be- 
liefs can also play a role in shaping commu- 
nicative behavior, in some cases giving rise 
to systematic biases at the group level. For 
instance, Kitts (75) found that most mem- 
bers of ostensibly vegetarian communes did 
not actually consume a vegetarian diet, yet 
overwhelmingly believed their behavior to 
be exceptional. 

Such examples of pluralistic ignorance 
arise when group members falsely believe 
themselves to be unusual in violating a 
group norm, and thus conceal their behav- 
ior and attitudes from others. This con- 
cealment then reinforces the false belief. 
Incorporating belief-dependent communi- 
cation into the Friedkin e¢ al. model would 
allow for treatment of this and other classes 
of emergent phenomena. 


REFERENCES 


1. Gallup, Evolution, creationism, intelligent design, Online 
Resource (2016); www.gallup.com/poll/21814/Evolution- 
Creationism-Intelligent-Design.aspx. 

2. D.M.Kahan, Polit. Psychol. 36, 1(2015). 

3. M.C. Nisbet, E. Markowitz, Americans’ attitudes about 
science and technology: The social context for public 
communication, Commissioned Review (2016). 

4. N.E. Friedkin, A.V. Proskurnikov, R. Tempo, S. E. Parsegov, 
Science 354, 321 (2016). 

5. J.M.McPherson, L. Smith-Lovin, J.M. Cook, Annu. Rev. 
Sociol. 27, 415 (2001). 

6. C.Steglich, T.A.B. Snijders, M. Pearson, Sociol. Methodol. 
40, 329 (2010). 

7. D.Centola,M.Macy,Am. J. Sociol. 113, 702 (2007). 

8. J.A.Holyst, K. Kacperski, F. Schweitzer, Annu. Rev. Comput. 

Phys. 9,253 (2001). 

9. C.T. Butts, Comput. Math. Organ. Theory 4, 373 (1998). 

10. N.E. Friedkin, E.C. Johnsen, J. Math. Sociol. 15, 193 (1990). 

11. N.Cruz, J. Baratgin, M. Oaksford, D. E. Over, Front. Psychol. 

6,192 (2015). 

12. B.Geurts, Cognition 86, 223 (2003). 

13. P.N. Johnson-Laird, R. M. J. Byrne, Psychol. Rev. 109, 646 

(2002). 

14. N.Z.Medalia,O.N.Larsen,Am. Sociol. Rev. 23,180 (1958). 

15. J.A.Kitts, Soc. Psychol. Q. 66, 222 (2003). 


10.1126/science.aaj1817 


SCIENCE sciencemag.org 


OCEANS 


A plankton bloom shifts 
as the ocean warms 


Long-term data show how a widespread phytoplankton 
group responds to temperature changes 


By Alexandra Z. Worden’? and 
Susanne Wilken’ 


ecent advances in sequencing tech- 

nology have highlighted the extreme 

diversity of marine microbes and 

provided insights into their evolution 

(7-3). It remains unclear, however, 

how ocean microbial communities are 
responding to ongoing climate change. This 
is because pinpointing change with statistical 
rigor requires long-term studies that sample 
the same location or water mass repeatedly. 
On page 326 of this issue, Hunter-Cevera 
et al. (4) present a highly resolved long-term 
study of a widespread cyanobacterial phyto- 
plankton group, Synechococcus. They show 
that the timing of the annual spring Syn- 
echococcus bloom has shifted in association 
with ocean warming. 

About half of global primary production 
(photosynthetic CO, fixation) is performed 
by marine cyanobacteria and eukaryotic 
phytoplankton. Where marine time-series 
data are available, they have provided key 
insights into phytoplankton communi- 
ties and overall ecosystem variability (5, 
6). These long-term studies are expensive 
and require a deep commitment to coher- 
ent methodologies and sampling. However, 
they also serve as the basis for hypotheses 
on how the phytoplankton populations that 
are essential for maintaining Earth’s bio- 
sphere will respond to climate change (J, 7). 

The results of Hunter-Cevera et al. come 
from a concerted instrument development 
effort aimed at persistent presence in the 
environment. The study site, off the New 
England coast near Cape Cod, USA, is not 
one of the more noted climate-sensitive 
ocean regions, such as the Arctic. Rather, it is 
where the researchers could plug their in situ 
flow cytometer into one of the few existing 
cabled moorings, with electrical power and 
Internet lines running across the seafloor 
from shore. The main approach to marine 
flow cytometry has been to collect discrete 
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water samples, preserve them, and analyze 
them in the laboratory. In contrast, the spe- 
cially developed instrument at the Cape Cod 
site operates for months while submerged in 
the ocean. Challenges included continuous 
seawater flow-through, biofouling, winter 
weather, and analysis of data from vast num- 
bers of individual cells for estimating phy- 
toplankton division rates. The achievement 
of acquiring more than a decade of in situ, 
science-quality data in this way should not be 
underestimated. 

A unique strength of the study is the ro- 
bust estimation of Synechococcus cell division 
rates in nature. The short generation times of 


A specially developed flow-through cytometer has 
allowed collection of in situ data at the Cape Cod site 
for over a decade. 


planktonic organisms necessitate high-reso- 
lution data sets (in this case, hourly measure- 
ments). Such data have been attained by just 
one other research group (8), through use 
of a shipboard continuous-flow cytometer. 
Hunter-Cevera et al. show that Synechococcus 
division rates increased throughout spring- 
time and that loss rates tracked cell-division 
rates through most of the year. Ultimately, a 
slight imbalance between accelerated spring 
growth and the loss rate led to the net accu- 
mulation of Synechococcus cells that resulted 
in the bloom. 

Most traditional measurements of phyto- 
plankton cannot resolve closely correlated 
growth and loss rates, knowledge of which 
is needed to disentangle the intricacies of 
microbial dynamics that control bloom for- 
mation. The drivers behind bloom formation 
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Phytoplankton blooms and ocean warming 


Ocean sampling procedures are typically too short-term to capture the drivers behind phytoplankton blooms. Hunter-Cevera 
et al. overcame this limitation by using continuous data from a submerged flow cytometer. They were able to quantify 
changes in cell division rates of a phytoplankton group and connect a shift in bloom timing to increased water temperature. 


Cabled coastal 
NG observatory 
X The mooring has 
electricity and Internet 
connections to shore 
that allow power-hungry 
instruments to be 


Communication 
and sensor towers 


Ocean surface 


FlowCytobot 


(4-m depth) 
16 mto 
floor 
Power cable 
(from shore) 
FlowCytobot Protective 
This in situ flow cytometer ring 


has the complexity of a 
traditional cytometer 
modified to fit inside a 
deployable pressure 
housing. In the clinical 
setting, cytometers count 
human blood cells; here, 
scatter and fluorescence 
properties of individual cells 
are used to quantify different 
phytoplankton groups. 


may often involve such an imbalance, but 
whether it is caused by higher division rates 
(as observed here), and hence higher primary 
production, or a reduction in losses acting on 
slower-growing phytoplankton populations, 
has major implications for bloom productiv- 
ity and carbon cycling. 

Hunter-Cevera et al.’s study also reveals 
a temperature-induced shift in the timing 
of the Synechococcus spring bloom that is 
linked to ocean warming. The length of a 
time series needed to develop ecological 
understanding of a system and to relate 
shifts to climate change depends on the 
ocean region. Hunter-Cevera benefitted 
from the availability of a 100-year local 
water temperature record (9), which es- 
tablished a rise in temperature associated 
with climate change. In ocean regions with 
smaller seasonal transitions, variation is 
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deployed for long periods. 


Dynamics of the phytoplankton bloom 


Above 5°C, Synechococcus division rates (white arrows) increase 
and a temporary imbalance with loss rates (gray arrows) results in 


the bloom. 


biological, as suggested by the 
authors, the specific cause of 
mortality—such as loss from viral 
lysis or predation—dictates the 
fate of the carbon contained in 
the phytoplankton biomass. The 
carbon can be released back into 
the atmosphere, be recycled in 
the microbial loop, move through 
marine food webs to higher tro- 
phic levels that support fisheries, 


Spring temperature 
range 


Increasing cell abundance 


Bloom initiation 


March April May 
Phytoplankton in 


seawater sample 


Watertight Fluorescence 
pressure 


housing 


Scattering ~ 


often more muted, and time-series data of 
less than 20 years do not typically resolve 
recurrent trends (J0). Long-term sampling 
studies at specific geographical locations, 
like the Hawaii Ocean Time-series (HOT) 
and the Bermuda Atlantic Time-series 
Study (BATS), have provided comprehen- 
sive views of open-ocean seasonality (4, 
5). These studies form a baseline against 
which future trends can be compared. 
Still, detection of climate change effects on 
open-ocean productivity are thought to re- 
quire more than three to four decades of 
data to separate these trends from natural 
ecosystem variability (5). 

Hunter-Cevera et al. show that tempera- 
ture (and possibly co-associated environ- 
mental factors) controls Synechococcus 
division rates and bloom timing, but the 
loss processes remain to be identified. If 


Published by AAAS 


16°C 
4or 5 days 


‘ earlier per °C 
' : 

1 *==>—_—_—_— increase 

I 

' 


June 


and/or be exported to the deep 
sea (1). 

The shift in timing of the 
bloom to earlier in spring could 
also reflect changes in the domi- 
nant Synechococcus  clade(s). 
Synechococcus has considerable 
genetic diversity that cannot be 
discerned by flow cytometry but 
shapes the biology of different 
clades, including the nutrients 
they use (77). This in turn could 
affect forces of mortality acting on 
resident populations, especially 
given that viruses are highly spe- 
cific to individual hosts (12) and 
predatory protists are thought to 
have prey specificities and strong 
temperature-related controls act- 
ing on them (J). 

To predict the coupling of phy- 
toplankton growth and mortality 
in future oceans, we thus need 
to understand the environmental 
factors and organismal interac- 
tions that underlie the observed 
correlations and imbalances. 
Does the agent of mortality re- 
spond directly to phytoplankton 
physiology as represented by cell 
division rates? Or are specific 
phytoplankton, their predators, 
and even infecting viruses, pos- 
sibly controlled by the same or co-related 
environmental factors? Answering these 
questions is essential for gaining a mechanis- 
tic understanding of ecosystem change in the 
ocean and will require integration of future 
research efforts with time-series studies. ® 


Sheath 
fluid 


Flow cell 


Laser 


REFERENCES 


. A.Z.Wordenetal., Science 347, 1257594 (2015). 

. P.Borketal., Science 348, 873 (2015). 

. N.Kashtan et al., Science 344, 416 (2014). 

K.R. Hunter-Cevera et al., Science 354, 326 (2016). 

S.J.Giovannoni, K.L. Vergin, Science 335, 671(2012). 

. D.M.Karl,M.J.Church, Nat. Rev. Microbiol. 12,699 (2014). 

M. J. Behrenfeld et a/., Nature 444,752 (2006). 

. F.Ribalet et al., Proc. Natl. Acad. Sci. U.S.A. 112, 8008 
(2015). 

. S.W.Nixon, S. Granger, M. Buckley, B.K. Lamont, A. Rowell, 
Estuaries 27,397 (2004). 

10. D.L.Rudnick, R. E. Davis, Deep-Sea Res. 150,691 (2003). 

ll. D.J.Scanlanetal., Microbiol. Mol. Biol. Rev. 73,249 

(2009). 
2. M.Breitbart, Ann. Rev. Mar. Sci. 4,425 (2012). 


O MNMDTARWHE 


an 


10.1126/science.aaj1751 


sciencemag.org SCIENCE 


GRAPHIC: C. BICKEL/SCIENCE 


Downloaded from http://science.sciencemag.org/ on October 20, 2016 


PHOTO: MALCOLM SCHUYL/ALAMY STOCK PHOTO. 


EVOLUTION 


Predicting the basis of convergent evolution 


Convergent adaptive traits do not always arise from the same genetic changes 


By Jamie T. Bridgham 


epeated evolution of similar traits in 
organisms facing the same ecological 
challenges has long captured the in- 
terest of evolutionary biologists (1-4). 
Naturally occurring examples of “con- 
vergent evolution” offer new opportu- 
nities to ask about predictability in evolution. 
Do complex genomes mean that there are 
endless possibilities for adapting to an eco- 
logical challenge? Or must evolution target 
the same genes, or even the same amino ac- 
ids in the same proteins, in order to increase 
the fitness and therefore survival of different 
species facing similar challenges? Natarajan 
et al. (5), on page 336 of this issue, provide 
an example of an integrated approach to an- 
swer these questions. By using a combination 
of genetic data with experimental tests, they 
show that evolution of a new protein function 
in response to low-oxygen, high-altitude con- 
ditions can occur through different genetic 
mechanisms across a wide diversity of avian 
species living at high and low elevations. 
Hemoglobin proteins found in different 
vertebrate species living either at low or high 
altitudes provide classic examples of con- 
vergent protein evolution. Natarajan et al. 
sequenced, expressed, and measured oxygen 
affinity for hemoglobins isolated from 56 spe- 
cies of birds clustered into related low- and 
high-altitude-species pairs. They found con- 
vergent evolution of high-oxygen affinity in 
proteins from high-elevation species. They 
then determined the genetic basis for this 
functional shift in hemoglobin oxygen af- 
finity. Evolution of new protein functions is 
thought to be under biophysical constraint, 
limiting genetic changes to certain portions 
of proteins, or to specific amino acid sub- 
stitutions (6, 7), potentially making evolu- 
tion largely predictable. On the other hand, 
evolutionary trajectories have been shown 
to be historically contingent, with possible 
evolutionary paths being dependent on the 
ancestral starting point (8, 9), resulting in 
relatively unpredictable, distinct genetic 
changes in different lineages subjected to 
similar evolutionary pressures. 
Were there common genetic changes in 
the hemoglobin from high-elevation-avian 
species? Amino acids were identified that 
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diverged between low- and high-elevation- 
species pairs and were associated only with 
high-altitude environments. Although many 
amino acid differences were found between 
species pairs, only four were replicated in 
different lineages. Two of these positions 
are known to play key roles in protein func- 
tion, yet these changes occurred in only 
two or three species pairs. The single most 
common substitution was found primarily 
in hummingbird species pairs but was also 
seen in one species of flowerpiercers. Was 
this change responsible for the convergent 
evolution of high-oxygen affinity? Natara- 


Convergent evolution of high-oxygen affinity in hemoglobin 
from high-altitude—dwelling bird species (including some 
hummingbirds, shown) occurred through different amino acid 
substitutions. Historical contingency limits predictability. 


jan et al. introduced the substitution from 
high-altitude-adapted species into a recon- 
structed ancestral hummingbird hemoglobin 
protein and found an increase in oxygen af- 
finity. However, when they introduced the 
same substitution into more ancient avian 
hemoglobins, there was no change in pro- 
tein function. Additional genetic differences 
prevented this substitution from having the 
same functional consequences in more dis- 
tant ancestral backgrounds. They concluded 
that historical contingency constrained the 
potential evolutionary pathways for hemo- 
globin adaptation to high-altitude conditions. 

Furthermore, a much wider taxonomic 
sampling, including perching birds and wa- 
terfowl, found many distinct and no common 
genetic substitutions in high-oxygen-affinity 
hemoglobins among the other high-altitude- 
adapted birds. By sampling many pairs of 
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widely divergent avian lineages, Natarajan 
et al. discovered that although most high-al- 
titude-adapted birds have hemoglobin with 
higher-oxygen affinity, this convergent evolu- 
tion in protein function resulted from differ- 
ent genetic changes. 

Evolutionary biologists have identified 
cases of predictable convergent evolution in- 
volving adaptations in single proteins (6, 7), 
as well as cases in which evolutionary paths 
were less predictable because of historical 
differences in genetic backgrounds (9). The 
careful examination of convergent hemoglo- 
bin evolution across an extensive taxonomic 
scale by Natarajan et al. provides 
an elegant example of how the pre- 
dictability of genetic evolution may 
change depending on the scale of the 
investigation. 

They found contrasting results 
concerning genetic convergence de- 
pending on how closely related the 
species were. Among many hum- 
mingbirds, a single substitution was 
associated with high-altitude ad- 
aptation, and that amino acid sub- 
stitution was sufficient to change 
hemoglobin oxygen affinity. How- 
ever, no genetic convergence was 
seen between more distantly related 
high-altitude-adapted birds. 

The genetic basis of convergent 
evolution may only be predictable 
when looking at the appropriate 
scale. Smaller-scale convergence be- 
tween closely related organisms or 
specific proteins may occur through predict- 
able genetic changes. Larger-scale conver- 
gence across taxonomic orders may only be 
predictable at larger genetic scales, targeting 
whole proteins or functional complexes (10, 
ID. 0 
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POLICY FORUM 


CLIMATE POLICY 


Identifying the policy space 
for climate loss and damage 


Climate risk analysis must play a fundamental role 


By Reinhard Mechler’” 
and Thomas Schinko'* 


urrently planned greenhouse gas 

mitigation efforts would not prevent 

climate warming from going beyond 

2°C as aspired to in the 2015 Paris 

Agreement (J), adding to climate- 

related impacts already under way 
(2). Although climate adaptation has been 
strengthened in the Paris Agreement, cli- 
mate-related risks may exceed adaptation 
possibilities of communities and countries. 
To this effect, an important decision in 
the Paris Agreement was the endorsement 
of the Warsaw International Mechanism 
(WIM) for Loss and Damage (L&D) (3). 
This established L&D as a distinct pillar of 
climate negotiations, yet with an unclearly 
defined remit. With a policy framework 
yet to emerge, the 22nd Conference of the 
Parties of the United Nations Framework 
Convention on Climate Change (UNFCC) 
in November in Marrakesh will review the 
structure, mandate, and effectiveness of 
the WIM, first institutionalized in 2013. 
Risk science can provide a rationale and 
delineate a policy space for L&D, composed 
of curative measures for unavoided and 
unavoidable impacts, and transformative 
measures for avoiding and managing in- 
creasingly intolerable risks. 

Climate risks considered by the WIM are 
associated with extreme events—flooding, 
droughts, heat waves, and cyclones—and 
slow-onset impacts, including sea level rise 
and melting glaciers. Lacking official defini- 
tion, losses have been associated with irre- 
versibility—e.g., fatalities from climate events 
or households stuck in disaster-induced 
poverty traps—whereas damages refer to 
impacts that can be alleviated. A useful dis- 
tinction has been made between avoidable, 
unavoided, and unavoidable L&D (4). 
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Discussion of the WIM has been con- 
tested (5) and wide-ranging (6). The Alliance 
of Small Island States (AOSIS), whose mem- 
bers face substantial climate-related stress, 
initiated the debate more than two decades 
ago, proposing that parties with historically 
high emissions take responsibility via some 
sort of compensation instrument. With en- 
dorsement from other vulnerable develop- 
ing countries, AOSIS has been arguing for 
an international mechanism basically made 
up of two components: support for risk man- 
agement, including insurance efforts, and a 
rehabilitation or compensatory component 
addressing increasingly negative impacts 
(7). Many developed countries concur in 
principle on the need to help those suffering 
from climate change impacts but have been 
unwilling to accept notions of liability and 
have stressed the need to institutionalize 
incentives for tackling risks (8), as, for ex- 
ample, suggested by the 2015 Sendai Frame- 
work for Disaster Risk Reduction (DRR) (9). 
These parties suggested covering the matter 
under adaptation, but the decision to have 
a stand-alone article of the Paris Agreement 
(Article 8) refer to the WIM came about only 
after developing countries insisted that L&D 
is distinct. Vulnerable countries celebrated 
the inclusion of the WIM in the agreement, 
whereas developed countries managed to 
include assurance that the WIM does not 
provide a basis for liability and compensa- 
tion, which remain important background 
issues informing any potential implications 
of the WIM. 


ACLIMATE-RISK SCIENCE PERSPECTIVE 

Assessments of climate change impacts have 
shifted in focus from academic to more op- 
erational, including engagement of multiple 
stakeholders via novel risk analytical meth- 
ods (J0, 11). Work had originally focused on 
tracing incremental impacts induced by 
global warming in order to identify “danger- 
ous” anthropogenic interference for climate 
mitigation and adaptation purposes (IPCC’s 
five reasons for concern) (72). An emergent 
perspective assesses risk as shaped by both 
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climate variability and climate change and 
seeks to support climate risk management 
(CRM) at different scales (73). CRM aligns 
DRR, focused on sudden-onset hydrome- 
teorological and geophysical events, with 
climate change adaptation (CCA), tackling 
slow-onset and sudden-onset climate-related 
impacts. CRM’s overall remit is to anticipate, 
avoid, prevent, and finance risks as well as 
absorb remaining impacts. 

CRM includes concern for CCA-DRR 
gaps—the difference between what we want 
or need and what we actually have and im- 
plement in terms of funds, technology, and 
knowledge for risk management (14). Socially 
desirable levels of CRM will generally be less 
stringent than technically and physically 
feasible because of a number of negotiated 
trade-offs; e.g., costly flood protection, even 
in well-protected countries, ends at 50- to 
100-year flood recurrence levels. Consider- 
ations of risk preference (75) have entered 
the debate (and IPCC) to provide classifica- 
tions of risk as acceptable (no additional ac- 
tion necessary), tolerable (action required 
considering costs and other constraints), and 
intolerable (action required irrespective of 
constraints) (16). 

Risk and risk tolerance are socially con- 
structed. Although the IPCC, with medium 
and high levels of confidence, has identified 
many regions as facing substantial stress 
from climate change-exacerbated risks, what 
constitutes acceptable, tolerable, and intol- 
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erable is strongly determined by social, cul- 
tural, and economic determinants and often 
requires joint subjective and expert delib- 
eration before being submitted to allocating 
responsibilities. Risk analysis has developed 
analytical procedures for negotiating and 
segregating risk according to risk preference 
(“risk layering”) that have been used in the 
insurance industry and are being applied to 
climate risk issues to help allocate risks to 
multiple actors at various scales (17). 

An important dimension requiring more 
attention is climate justice, which scientifi- 
cally is linked with attributing impacts to 
anthropogenic climate change, identifying 
harm-doing and burden-sharing of benefits 
and costs. Burden-sharing has been neces- 
sary because many vulnerable countries are 
in need of international support for tackling 
adaptation gaps. The international com- 
munity has shared such obligations under 
principles of distributive justice (78) not re- 
quiring climate attribution of risks for gen- 
erating international support, such as via the 
Global Facility for Disaster Risk Reduction. 
There is a need to consider compensatory 
justice because of the unequal distribution 
of historical and current emissions, as well 
as potential irreversible loss (19). The IPCC 
has attributed trends in slow-onset climate 
change and some climate extremes to an- 
thropogenic greenhouse gas emissions— 
also pointing out that risk causation is often 
multifactorial, with climate change and so- 
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cioeconomic change as key risk drivers (JO). 
Yet, although climate science has been mak- 
ing progress in climate attribution, linking 
anthropogenic emissions to impacts and to 
risks to people, property, and ecosystems 
remains complex, particularly for sudden- 
onset events (20). Both justice principles can 
be combined, yet balance needs attention. 
Many developing countries are worried that 
emphasis could be put on national responsi- 
bility for managing risks, rather than inter- 
national law considerations associated with 
the “polluter pays” principle proportional to 
emissions contributions (27). 


THE L&D RISK AND POLICY SPACE 

Aligning emerging analytical insight, we 
build and extend a schematic scenario as- 
sessment of risks and CRM conducted by 
IPCC’s 5th assessment report at regional 
scale and for groups of countries for slow 
and sudden-onset events (see the figure). 
The exemplary visualization applies the 
CRM framework to small island states 
faced with sea level rise and high-water 
level events. The IPCC considers today’s 
risk as grave (medium), with further risk 
avoidance and reduction potential due to 
a considerable DRR-CCA gap (22). For ex- 
ample, technically and physically feasible 
DRR and CCA, such as elevating seawalls or 
maintaining coastal landforms, could bring 
risk down to acceptable levels today. Rely- 
ing on national resources has generally not 
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~~ One of the 33 atolls in 
the Republic of Kiribati, a 

small island state in the 

central Pacific, affected 

by an especially high tide. 


sufficed to reduce risk sufficiently in these 
countries, particularly for those in the Pa- 
cific, Caribbean, and Indian Oceans, and 
support from the international community 
has been required. In the near term, sea 
level rise will increase risks shaped by cli- 
mate change and socioeconomic factors (in- 
crease of people and assets in harm’s way). 
Although there is scope for DRR-CCA, some 
further risk is locked in already, with seri- 
ous cost implications (e.g., costs associated 
with upgrading coastal protection). The 
risk has increased, and part of this cannot 
be reduced anymore (not all land is being 
protected from flooding). We term these 
additional measures and necessary costs 
curative. Over time, risk is projected to in- 
crease. Challenges and costs will increase to 
well-tested CCA and DRR measures, and for 
strong warming (4°C), risks become intoler- 
able (23). Novel, transformative measures 
are increasingly needed, such as offering 
alternative livelihoods (e.g., switching from 
farming to services) and assisting with vol- 
untary migration, as compared with cura- 
tive support for forced migration. 

Overall, with climate change amplifying 
risk, there is a legitimate case for interna- 
tional financial and operational support on 
L&D to tackle avoidable but increasingly 
intolerable loss and damage by picking up 
part of the burden from DRR and CCA do- 
mains (the transformative part); with fea- 
sible risk reduction becoming limited over 
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time, constraining societally desirable im- 
plementation pathways, measures for deal- 
ing with unavoided and unavoidable L&D, 
both tolerable and intolerable, will need 
further attention (the curative part). 


BEYOND CURRENT DELIBERATIONS 

A broad climate risk analysis perspective 
may provide a framework for negotiating 
responsibilities and leading to principled 
action. Action already under way can be in- 
tegrated into the framework. What we call 
transformative action is seeing attention 
with pledges made by the G7 to support the 
“climate risk insurance” initiative, which 
aims to provide insurance cover for climate- 
related risks to an additional 400 million un- 
insured people in developing countries (24). 
This is connected to DRR support already 
granted for managing climate (and geophys- 
ical) variability via regional sovereign disas- 
ter risk insurance pools for Caribbean and 
Pacific island states, as well as countries in 
Central America and Africa. The transforma- 
tive component to be further strengthened 
arises from efforts to broaden to compre- 
hensive DRR, including risk prevention (e.g., 


coastal protection for low-lying islands) 
and preparedness (e.g., enhanced provision 
of functional flood early warning systems), 
and to build resilience, such as enabling 
farmers to take up-side risks (e.g., novel crop 
varieties with higher profits) in addition to 
better managing down-side risks. 

It has been unclear whether the $300 
million pledged for climate insurance is 
truly additional. Thus, better integrating 
CCA and DRR with transformative climate 
risk management efforts may ensure that 
intolerable risks are strongly acted upon 
via global solidarity, a keen demand by de- 
veloping countries, rather than subsumed 
under country-driven approaches involving 
national responsibility. In adding L&D ef- 
forts to CRM, the distinction from support 
for DRR and CCA might be that the WIM 
covers increasingly intolerable risk build- 
ing on some sort of an attribution signal (an 
extreme climate facility, to be triggered by 
attributed changes in underlying climate 
variability, is being discussed for the Africa 
drought risk insurance pool) (25). What we 
call curative action has not really seen direct 
action, although there is nascent debate on 


Climate risk management options in small island states 

The risk and policy space for Loss and Damage as applied to risks from sea level rise in small island states 
{adapted from (2,22, 23)]. The scenarios identify classes of curative measures for unavoided and unavoidable 
impacts of sea level rise and transformative measures for avoiding and managing increasingly intolerable risks. 


Risk space 
Very high 
Intolerable 
Tolerable 
Acceptable 
Very low 
2°C AC 
Present Near term Longer term 
(2030-40) (2080-2100) 


> Transformative Loss & Damage (TLD) 
==p> Curative Loss & Damage (CLD) 


Climate Change Adaptation (CCA) & 
= 
Disaster Risk Reduction (DRR) 


==—p> Baseline Residual Risk (BRR) 
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Options space 


TLD: Voluntary resettlement, alternative livelihoods 


CLD: Involuntary migration and displacement 


CCA: Maintenance and restoration of coastal landforms 
and marine and terrestrial ecosystems, improved 
management of soils and freshwater resources, 
appropiate building codes and settlement patterns 


DRR: Seawalls, early warning, insurance 


CLD: Absorbing increasing costs of DRR 
& CCA with rising risk 


BRR: no further measures 
beyond those already implemented 


i Implemented 
1 
1 


== Feasible 
Residual _—_ Further potential for 
risk risk management 
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a climate displacement coordination facility, 
which may deal with planned migration and 
legal status for involuntary displacement of 
communities that permanently have lost 
homes or homelands. 

There is a very important role for science 
in this contested political debate. The WIM 
Executive Committee recently decided to 
set up task forces with suggested participa- 
tion of scientists on risk management (in- 
cluding transformational approaches) and 
displacement. Major scientific challenges 
remain, in particular to help better under- 
stand the physical and social limits of ad- 
aptation. Translating the largely schematic 
climate risk assessment into quantitative- 
qualitative projections of rising climate 
risks and associated costs of transformative 
and curative measures can help take the 
discourse on L&D forward, as well as mo- 
tivate action toward the ambitious mitiga- 
tion goals set in Paris. ® 
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Street smart 


A physicist reveals the 
engineering marvels 
that underlie the 
modern metropolis 


By Sybil Derrible 


ooks on cities appear almost monthly, 

but most focus on the history of par- 

ticular cities or on urban planning or 

economics. Those that focus on the 

engineering of cities tend to concen- 

trate on only one aspect: architec- 
ture, electricity, transportation, or water. 
No trade book has sought to cover all these 
engineering systems, much less in an enter- 
taining way, until now. 

From structural and electrical engineer- 
ing to water and transportation engineer- 
ing, in Science and the City, Laurie Winkless 
aptly describes how cities function on a daily 
basis in a manner that would be equally ac- 
cessible to high-school students and practic- 
ing engineers. In one relatively short book, 
she manages to seamlessly cover everything 


The reviewer is at the Complex and Sustainable Urban 
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Science and the City 
The Mechanics Behind the 
Metropolis 

Laurie Winkless 
Bloomsbury Sigma, 2016. 
304 pp. 


from the definition of a kilowatt-hour to an 
explanation of how machine learning could 
have a lasting impact on traffic-signal timing. 

Winkless is a physicist by education, and 
this comes across in the book. She delves 
all the way to the atomic level when writing 
about solar panels and reviews basic Newto- 
nian physics when discussing trains and rail- 
ways. Her tone, however, remains light and 
familiar, and technical descriptions are often 
infused with humor. For example, she refers 
to self-healing polymer plumbing systems as 
“a bit of a pipe-dream.” 

The book begins by focusing on buildings 
and, more particularly, on skyscrapers. After 
introducing the various materials used, she 
spends many pages discussing how the Burj 
Khalifa—the tallest building in the world at 
the moment—was designed and built, even 
including how live loads like wind were 
taken into account. (The initial designs, we 
learn, had the steplike recessions that taper 
the building’s top arranged in a counter- 
clockwise manner. But thanks to modeling 
and wind-tunnel testing, the recessions were 
instead arranged clockwise to promote 
greater stability.) 
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A specially built system that pumped liquid concrete 
from the ground up helped facilitate the rapid 
construction of the 163-story Burj Khalifa in Dubai. 


In chapter 2, Winkless moves on to elec- 
tricity and power generation and distri- 
bution. She introduces renewable energy 
thoroughly and discusses the main techni- 
cal challenge facing the power industry to- 
day: storage. After laying out the history of 
molten salts and hydroelectric power, she 
discusses recent developments in battery 
technology, from Elon Musk’s Powerwall to 
Samsung’s graphene-coated silicon battery. 
Here, she also gives us a short historical 
account of the “War of Currents” between 
Nikola Tesla and Thomas Edison. (“[L]ong 
ago, I lost my heart to a charismatic Serbian 
engineer,’ she cheekily begins.) 

Winkless then moves on to urban wa- 
ter resources, writing about surface water 
and aquifers, pipes, water purification, and 
wastewater treatment. She narrows in on 
municipal waste treatment as an area ripe 
for innovation, citing recent advancements 
in membrane bioreactors and reverse osmo- 

sis. “Currently, around a third of all drink- 
ing water used in an urban home goes down 
the loo,” she writes. “But, with some forward 
planning and a bit of investment, future 
buildings could instead utilise recycled grey- 
water to do the job.” 
Regarding transportation, she details the 
various types of bridges and even gives us a 
crash course on traffic-flow theory. She also 
spends many pages explaining various car 
technologies—from biofuels to body design— 
and how they can be improved, and she con- 
cludes with a discussion of trains and urban 
rail systems. 

Having covered the four main types of 
“hard” urban infrastructure, Winkless then 
discusses how sensors and Big Data are 
helping reshape how cities function. “At first 
glance, today’s cities haven’t changed all 
that much in the last 50 years,’ she writes. 
“Tf we dig a bit deeper though, we’ll see that 
the city’s DNA has been subtly but irrevers- 
ibly altered, and it’s mainly down to our love 
of data.’ From food distribution to high- 
frequency trading and GPS, she conserva- 
tively explains how data are changing the 
way city dwellers eat, commute, and work. 

From the SpaceX Hyperloop to driverless 
cars, Winkless introduces many as-yet-unreal- 
ized technologies, but she does not speculate 
wildly about their potential. That is not to say 
she is not optimistic for the future: “The one 
thing I’m sure of,’ she writes “... is that science, 
engineering and technology will shape the 
way we build and interact with our cities, as 
they have done throughout history.’ ® 
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ENTREPRENEURSHIP 


The business of doing good 


A guide for aspiring entrepreneurs offers a data-driven 
approach to making a difference 


By Omar Bagasra 


here is an increasing interest from 

the scientific and research commu- 

nity toward entrepreneurship for 

social good. Might it be possible to 

apply the scientific method to affect 

social change? Using the resources 
and knowledge available in a university set- 
ting, could we develop and test evidence- 
based solutions to the social problems 
facing our society? 

In Introduction to Social Entrepreneur- 
ship, Teresa Chahine challenges us to 
do just that. Chahine, an environmental 
health scientist, teaches a course at Har- 
vard that seeks to train students not just 
to analyze social problems but also to solve 
them. The book, based on the course, of- 
fers a step-by-step framework for thinking 
about the challenges facing our society and 
their solutions. 

Chahine cautions the reader to begin by 
seeking to understand the root causes of 
a social challenge, rather than jumping in 
with ready-made solutions. “Any social en- 
trepreneur who thinks he or she can enter 
a community with the perfect solution in 
mind and implement it as is will most likely 
fail,” she writes. 

Once you understand the challenge, the 
next step is to work with those most af- 
fected to develop an understanding of what 
a solution might look like. Whether you opt 
for door-to-door canvassing or roundtable 
focus groups, avoid overwhelming stake- 
holders by keeping questions accessible, she 
advises, and don’t forget to listen: “If you’re 
coming in with prejudgments or predeter- 
minations, you won’t hear what people have 
to say.” Mix things up by asking questions in 
different ways, and be sure to include repre- 
sentatives from diverse groups. 

In chapter 4, Chahine provides tech- 
niques to help aspiring social entrepreneurs 
brainstorm, prototype, create, and pilot-test 
solutions driven by end users. Push be- 
yond conventional boundaries and don’t 
be afraid to fail, she advises. This phase is 
“one of the most creative stages in social 
entrepreneurship.” 


The reviewer is at the Department of Biology, Claflin 
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Next come the aspects of entrepreneur- 
ship with which the scientific community is 
least familiar. Once you formulate your so- 
lution, how do you get it to market? What 
channels will ensure it reaches your target 
audience? Establish a value proposition that 
aligns with your vision, mission, and values, 
Chahine advises, and use this to guide your 
market strategy. Identify the experience you 


Introduction to Social 
Entrepreneurship 


Teresa Chahine 
CRC Press, 2016. 299 pp. 


Chahine walks the reader through vari- 
ous forms of financial and nonfinancial re- 
sources, ranging from traditional grants to 
crowdfunding campaigns to entrepreneur- 
ship contests. “Bootstrapping” and “lean 
start-ups” are among the buzzwords men- 
tioned, but I had trouble conceptualizing 
how these might be useful in translating my 
own research into a social venture. 

Chahine also provides helpful tips on how 
to structure a venture to ensure that a solu- 


“The more people you can mobilize ... the larger scale and depth your impact will have,” writes Teresa Chahine. 


want customers to associate with your prod- 
uct or service and build a brand that empha- 
sizes these attributes in a “clear, catchy, and 
consistent” way. 

What does success look like? Define your 
goals from the start and work backward 
toward achieving them, Chahine instructs. 
Set key performance indicators; measure 
the impact you have had on the social out- 
come according to the theory that links 
your product or service with the change you 
are trying to make. 

There is more than one method to imple- 
ment your solution in a financially viable 
way. The book provides examples of business 
models from for-profit to hybrid to nonprofit. 
Sketch out a process map of day-to-day op- 
erations that will be required to produce and 
deliver your solution, Chahine advises. Iden- 
tify which operations you can standardize 
and automate, decentralize when possible, 
and leverage local resources. 
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tion is scalable and that the organization will 
continue to thrive, even after its initial goals 
are met. She cautions readers to think twice 
before scaling, making sure to assess the re- 
sources that will be required and the poten- 
tial strains that this will place on the venture. 

Communication is key, both outside and 
inside an organization. Whether you're com- 
municating through social media, through 
mailing lists, or in person, tailor your ap- 
proach to the audience, Chahine suggests. 
But regardless, keep it simple, positive, and 
personal. “People will never forget the way 
you made them feel,’ she writes, quoting the 
late author Maya Angelou. 

Chahine claims that one person can make 
a huge difference. She has clearly taken it 
upon herself to spark change. Given the 
growing interest in social justice, I think 
there is a chance this spark might grow. & 
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Edited by Jennifer Sills 


Premature downgrade 
of panda’s status 


ACCORDING TO CHINA'S fourth giant 
panda survey, 1864 wild giant pandas now 
live in a habitat spanning 2,580,000 ha 
(1). As a result of the survey findings, the 
International Union for Conservation of 
Nature (IUCN) changed the classification 
of the giant panda from “endangered” 

to “vulnerable” (2). This downgrade was 
premature. 

The Chinese government’s protection 
efforts and the public’s enthusiasm for 
the giant panda are directly related to the 
appeals of international organizations and 
conservation campaigns. The downgrade 
will likely reduce the public’s enthusiasm 
for panda protection and may affect the 
government’s protection policies and 
decision-making. 

Furthermore, the IUCN’s decision was 
based on the current number of giant 
pandas. However, the survey’s conclu- 
sions were based on evidence of feces and 
bamboo stem fragments rather than direct 
encounters, which have been used in past 
surveys. For example, 30 giant pandas 
were encountered during the field survey 
in Wanglang Nature Reserve (one of the 
earliest giant panda nature reserves) in 
1960s (3) and 13 dead individuals were 
found in a survey conducted during the 
large-scale bamboo flowering event that 
occurred in 1970s (4). It is possible that the 
methods used by the recent survey led to 
overestimated population numbers. 

Habitat fragmentation is the most 
important threat to the sustainable 
survival of the giant panda. Today, giant 
panda populations are divided into 33 
local populations (7), whereas in the 1990s, 
the number was about 24 (5). Habitat 
fragmentation is indisputably increas- 
ing. Even worse, there are currently no 
corridors between the fragmented habitat 
areas (6). Isolating the separated popula- 
tions not only hinders gene exchange but 
also greatly increases the extinction risk 
of small populations. Of the current 33 
local populations, 24 are at increased risk 
of extinction, which accounts for 12% (223 
of 1864) of the panda population (7). The 
giant panda population increase, given 
such extreme habitat fragmentation, has a 
high genetic homogeneity, putting the spe- 
cies at higher risk. 
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Given the continued threats to the giant 
panda population and its habitat, we can- 
not risk becoming complacent. The IUCN 
should reclassify the giant panda at the 
endangered level. 

Dongwei Kang and Junging Li* 
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Stop Pakistan's polio 
vaccination tax 


PAKISTAN IS ONE of three countries in the 
world where polio remains endemic (J). 

The country recorded more than 300 polio 
cases in 2014, the highest number since 1999 
(2). In 2016, 14 cases have been reported 

(3). Although vaccinations could mitigate 
the spread of infection, many people in 
Pakistan are very suspicious of vaccines 

and those delivering them (2, 4). Attempts 
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The giant panda is now classified as “vulnerable” instead of “endangered,” but the species remains at risk. 


by the government to overcome the stigma 
of vaccines have not been effective (5). The 
Pakistani public highly regards the advice 

of Islamic scholars. Although some scholars 
have misconceptions about polio campaigns, 
many are becoming more open to vaccina- 
tion and its role in preventive medicine 

(5). This cultural shift has great potential. 
However, a new tax is stifling progress. 

On 9 September, the government of 
Punjab, the most populated province of 
Pakistan, implemented a 0.9% infrastruc- 
ture development tax on the polio vaccine 
(6). The tax does not affect international 
organizations such as UNICEF, who provide 
polio vaccines to Pakistani children for free 
(7), but it will hamper national anti-polio 
campaign efforts. 

The Pakistan Armed Forces have recently 
flushed out militant groups from areas 
where vaccine programs have been unable 
to go in the past (8), and where polio cases 
have arisen as a result. Now is the time 
to mobilize polio teams and to capitalize 
on the support of clerics to educate local 
populations. The government should focus 
on making Pakistan polio free by imme- 
diately withdrawing the tax on the polio 
vaccination. 
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Creating a culture of 
ethics in Iran 


IN HIS IN Depth News story “In Iran, a 
shady market for papers flourishes” (16 
September, p. 1197), R. Stone reports 
that an estimated 10% of all graduate 
theses are bought from dealers and then 
presented by students as their own work. 
A proposed law will make ghost author- 
ship a crime for both the buyer and the 
seller. However, the legislation alone will 
not solve the problem of plagiarized work 
in Iran. 

The number of Iranian universities, 
students, and scientific papers has grown 
quickly in recent years (1), with Iran 
achieving a global rank of 22 for the num- 
ber of papers produced. However, Iran’s 
rank for citations per paper is only 161 (2), 
and the country ranks second worldwide 
for the number of retracted papers (2). 
These data indicate that despite prolific 
publications, the quality of papers is 
lacking. 

One explanation for this discrepancy 


could be the pressure placed on Iranian 
faculty members and their students to 
publish more papers to advance their 
careers (3, 4). Desperation leads some 

of these students to turn to paper- and 
thesis-selling agencies. This problem can 
only be fully addressed by amending inap- 
propriate metric tools used by universities 
and better preparing both professors and 
students to successfully complete their 
research projects and theses. 

Iran’s research institutions also need 
better policies for promoting academic 
ethics (5). Training in research ethics 
should be required in every Masters and 
Ph.D. program (6). Whereas most top 
universities have well-developed ethical 
codes for authorship, the first research 
ethical charter written by the Ministry of 
Science, Research, and Technology of Iran 
was issued in 2011 (3). Iranian students 
will not forgo thesis-selling agencies if 
research ethics are not integrated into the 
scientific culture through extensive train- 
ing and modeling. 
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NEXTGEN VOICES: SUBMIT NOW 
DIVERSE EXPERIENCE 


Add your voice to Science! Our new NextGen VOICES survey is now open: 


In his Working Life “Doing science while black” (30 September, p. 1586), E. J. Smith 
talked about a researcher in his new lab who had mistaken him for a delivery man 
(http://science.sciencemag.org/content/353/6307/1586). 


Have you ever been prejudged based on your appearance or background? What advice 
would you give to a scientist who had the same experience? What can institutions, 
professional societies, or individuals do to prevent such experiences in the science 


community? 


To submit, go to www.sciencemag.org/news/nextgen-voices 


Deadline for submissions is 4 November. A selection of the best responses will be pub- 
lished in the 6 January 2017 issue of Science. Submissions should be 100 words or less. 
Names will be withheld from printed responses upon request. 
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TECHNICAL COMMENT ABSTRACTS 


Comment on “Reconciliation of the 
Devils Hole climate record with orbital 
forcing” 

Isaac J. Winograd 

Moseley et al. (Reports, 8 January 2016, 

p. 165) postulate an increase in dissolved 
thorium isotope *°Th with depth below 
the water table as the explanation for the 
differing ages of Termination II. Flow of 
geothermal water through the Devils Hole 
caverns precludes this explanation. 
Deposition of younger secondary calcite 
into the initial porosity of the calcite 
comprising their cores is a plausible 
alternate explanation. 

Full text at http://dx.doi.org/10.1126/science. 
aaf7718 


Comment on “Reconciliation of the 
Devils Hole climate record with orbital 
forcing” 

Tyler B. Coplen 

Moseley et al’s (Reports, 8 January 2016, 

p. 165) preferred-Termination-II age is 
subjective, as evidenced by variation in 
their Termination-II ages of 2500 years per 
meter. Termination-II-age bias decreases to 
zero at ~1.5 meters below the present-day 
water table, if one assumes linear variation 
with core-sample height. Maintaining the 
required gradient of thorium isotope ?°°Th 
over 3.6 meters for 1000 years, much less 
10,000 years, seems exceedingly unlikely. 
Full text at http://dx.doi.org/10.1126/science. 
aaf8074 


Response to Comments on 
“Reconciliation of the Devils Hole 
climate record with orbital forcing” 
Gina E. Moseley, Yuri V. Dublyansky, R. 
Lawrence Edwards, Kathleen A. Wendt, 
Mathieu Pythoud, Pu Zhang, Hai Cheng, 
Yanbin Lu, Ronny Boch, Christoph Spétl 
Winograd and Coplen question the 
thorium-230 distribution model proposed 
to explain the age bias observed with in- 
creasing depth during Termination II. We 
have evaluated both criticisms and find 
that all samples display virtually identical 
fabrics, argue that the modern setting is 
not analogous to the conditions during Ter- 
mination II, and reiterate the robustness 
of our age models. Our conclusions remain 
unchanged. 

Full text at http://dx.doi.org/10.1126/science. 
aaf8679 
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Comment on “Reconciliation of the 
Devils Hole climate record with 


orbital forcing” 


Isaac J. Winograd 


Moseley et al. (Reports, 8 January 2016, p. 165) postulate an increase in dissolved thorium 
isotope 2°°Th with depth below the water table as the explanation for the differing ages of 
Termination II. Flow of geothermal water through the Devils Hole caverns precludes this 
explanation. Deposition of younger secondary calcite into the initial porosity of the calcite 
comprising their cores is a plausible alternate explanation. 


oseley et al.’s (1) postulated (not mea- 

sured) increase in °?° Th with depth below 

the water table—invoked to explain the 

different published ages for Termination 

II (-3)—is doubtful in consideration of 
the modern hydrodynamic setting of the two 
Devils Hole caverns. These caves, developed within 
a Paleozoic carbonate aquifer, are within 1 km 
of a major fault (4) that dams groundwater flow 
within the aquifer creating the spring-fed Ash 
Meadows oasis bordering the caverns on the west. 
Groundwater flow through the aquifer occurs 
solely via open fractures and faults (4); the caverns 
comprise such open major fissures that trend 
northeast-southwest and are of extensional tec- 
tonic origin (5). That groundwater in the caverns 
is moving toward the oasis is well documented 
based on (i) the hydraulic gradient between the 
caves and the springs and (ii) identity of the chem- 
istry, stable isotopes, and temperature of cavern 
water with that discharging from the major springs 
(4, 6, 7). 

Temperature surveys (8) to a depth of 32 m 
below the water table provide additional evidence 
of the hydrodynamic nature of the water column 
within these caverns. These surveys, in the larger 
of the two caves, documented the following: (i) 
vertical convective mixing during winter months; 
(ii) thermal stratification during summer months 
with possible periodic convective mixing; and (iii) 
“horizontal groundwater flows through discrete 
zones of high permeability.” The temperature gra- 
dient during the summer months of minimal ver- 
tical convective mixing is about 0.14°C/32 m, or 
about 4.4°C/km. This gradient is a fraction of geo- 
thermal gradients elsewhere in the Great Basin, 
which vary from 20° to 50°C/km (9), but is similar 
to the very low gradients in other areas of upward 
flow of geothermal waters within fault zones (10). 
Additional evidence of active flow of water is pro- 
vided by the chemical homogeneity of the water 
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column between 5 and 38 m, as documented in 
table 1 of Plummer et al. (11), who noted, “Thermal 
convection and groundwater advection probably 
mix the water-table fluids to some depth along 
the fault plane.” That the water column is dynam- 
ic is most easily comprehended by noting that 
the temperature of the water surface (33.5°C) is 
~15° warmer than 18.5°C, the mean annual air 
temperature (7). 

Briefly, several lines of evidence indicate that 
the caverns are not standpipes isolated from 
active flow in the carbonate aquifer; they com- 
prise major avenues of water flow in the aquifer. 
Moseley et al.’s postulated buildup of 2°°Th in the 
water column would be displaced by flow within 
the fissures and cannot be a valid explanation 
for the different ages of Termination II. During 
glacial terminations, the postulated buildup of 
?3°Th with depth below the water table is even 
more difficult to envision. During such times of 
transition from relatively wet to relatively dry cli- 
mates, the water table in the caverns was several 
meters above modern (72), with likely greater than 
modern groundwater flow and chemical homog- 
enization of the water column in the caverns. 

Using seven observations gleaned from the 
Devils Hole literature and from Moseley et al. (1), 
I present below a plausible alternate explanation 
for the discrepancy in ages of Termination II. (i) 
Devils Hole mammillary calcite was precipitated 
under equilibrium conditions and constant aquifer 
temperature during at least the past 180 thousand 
years (ky) (13). (ii) The internal partial pressure of 
CO, in Devils Hole water (77) varies from 0.0123 to 
0.0141 atm, or >30 times the modern atmospheric 
CO, and >50 times that during Termination II 
when CO, was ~230 parts per million by volume 
(ppmv) [figure 1 in (7)]. (ii) Outgassing of CO, is 
occurring in the upper 5 m of the water column, 
as indicated by the following data in table 1 of 
Plummer e¢ al. (11). The pH and calcite saturation 
index is higher, and the log Pcoz is lower at 5m 
than at 25 and 37.5 m below the water table, lead- 
ing Plummer et al. (11) to state, “More likely is the 
possible outgassing of CO, to the atmosphere in 


contact with the water table at Devils Hole...” (iv) 
The porosity of mammillary calcite formed at 
>20 m depth is <<1%, whereas the porosity of folia, 
formed at the water table via outgassing, may 
reach 15 to 20% (12). (v) Moseley et al.’s core DH.-D 
was precipitated at an average rate 43% greater 
than DH.,-E, their slightly deeper core, and 54% 
greater than DH-2, which was deposited 21 m 
below the water table [supplementary materials 
of (2)]. (vi) Calcite comprising DH2-D and DH,-E 
precipitated at a rate 10 times their average growth 
rate in these cores after ~9 thousand years ago (ka) 
[figure 1 in (7)] when the water table declined close 
to modern levels (72), indicating that calcite formed 
close to the water table grows rapidly. (vii) Folia (not 
mamumillary calcite) are present in Moseley et al.’s 
highest core (DH.-D) between 121 and 116 ka, and 
in the next highest core (DH.-E) at ~117 ka [table 
S1 in (D], showing that during Termination II, cal- 
cite in both of these cores formed in the shallow 
zone of outgassing observed in the modern DH. 

The observations listed above permit the con- 
clusion that Moseley et al.’s U-series ages are 
inaccurate in the vicinity of terminations. This 
conclusion relies on a key assumption, namely, 
mamumnillary calcite precipitated in the upper few 
meters of the water column had significant (>5%) 
primary porosity due to outgassing with attend- 
ant rapid deposition of calcite, in contrast to the 
dense calcite (porosity <<1%) comprising cores 
deposited at depths >20 m below the water table 
(2). If this assumption is correct, then the younger 
U-series ages recorded by Moseley et ai.’s cores 
during Termination II reflect the deposition of sec- 
ondary (and younger) calcite into the initial porosi- 
ty of the calcite comprising their cores. Notably, the 
8- to 10-ky discrepancy in ages between their shal- 
low cores and those deposited at depths >20 m (2, 3) 
occurs during terminations because it is at this 
time that the water table is falling rapidly, outgass- 
ing is accelerated, and porous calcite is deposited 
in the upper few meters of the water column. The 
older age of Termination II in core DH.-E than in 
DH.-D is to be expected because DH,-E, having 
been deposited 1.3 m deeper in the water column 
than DH.-D, had less initial porosity. The con- 
clusion outlined above can be verified or falsi- 
fied by a thin-section examination of the cores. If 
correct, the segment of the cores covering Termi- 
nation II will display numerous secondary growths 
of calcite within a matrix of crystal morpholo- 
gies distinct from the dense elongate crystals 
typical of mammillary calcite deposited below 
20 m. (14). 
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Comment on “Reconciliation of the 
Devils Hole climate record with 


orbital forcing” 


Tyler B. Coplen 


Moseley et al’s (Reports, 8 January 2016, p. 165) preferred-Termination-Il age is subjective, as 
evidenced by variation in their Termination-II ages of 2500 years per meter. Termination-ll-age 
bias decreases to zero at ~1.5 meters below the present-day water table, if one assumes 
linear variation with core-sample height. Maintaining the required gradient of thorium isotope 
230Th over 3.6 meters for 1000 years, much less 10,000 years, seems exceedingly unlikely. 


t Devils Hole Cave 2 in Nevada, Moseley et al. 
(D obtained four carbonate cores at positions 
0.8, 2.1, 4.5, and 5.5 m above the present- 
day water table, which they identified, re- 
spectively, as DH2-E, DH2-D, DH>2-G, and 
DH.-J. With *°°Th age-dating and relative isotope- 
ratio measurements (2), they determined 5'°0 time 
series (Fig. 1) from the two lower-elevation cores and 
from core DH-2, upon which the original Devils 
Hole chronology is based (3). The Termination-II 
ages—defined by Moseley et al. (1) as the time- 
series position at which 5“Oyppp (Vienna Pee Dee 
belemnite) = -15.7 per mil (%o)—differ among the 
cores. Specifically, the Termination-II ages of cores 
DH-2, DH2-E, and DH2-D are 139.4 + 0.5, 133.8 + 
0.4, and 130.6 + 0.4 thousand years ago (ka), re- 
spectively (Fig. 1), where uncertainties are mean + 
2 SD. These ages were derived from the mid- 
points of 8 “Oyppg measurements between approx- 
imately -16.4 and -14.9%o (three solid lines in 
Fig. 1), and they are anchored by nine 7°°Th ages 
ranging between ~140.7 + 0.5 and ~128.8 + 0.4 ka. 
The Termination-II age from core DH-2 overlaps 
the “iconic” Devils Hole chronology, which is based 
on core DH-1I (4, 5), as shown in figure 4 of (7). 
If one assumes that core DH-2, which was pre- 
cipitated at a depth of 21 m below the present-day 
water table, represents the heretofore accepted 
Devils Hole time series (Fig. 1), Termination-II 
ages of cores DH,-E and DH,-D are too low by 
~5600 and 8800 years, respectively, based on 
measurements of Moseley et al. (2). Termination- 
II ages of cores DHy-E and DH,-D differ in ele- 
vation by 1.3 m and yet differ by ~3200 years in 
age. The Termination-I]-age disparity between 
cores DH,-E and DH,-D of ~3200 years yields a 
decrease in age with height above the present- 
day water table of ~2500 years/m. 
If one assumes a linear decrease in age with 
height above the present-day water table, the 
projected bias in Termination-II age increases to 
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about -15 ka for core DH2-G and to about -17 ka 
for core DH.-J (Fig. 2), further assuming that 
Termination-II ages can be determined in these 
cores. The projected bias in Termination-II age 
with respect to DH-2 drops to zero at ~1.5 m 
below the present-day water table (Fig. 2). 
Therefore, had Moseley et al. (1) collected a 
core sample from ~1.5 m below the present-day 
water table, it potentially would have repro- 
duced the heretofore accepted Devils Hole time 
series (4-7). 

Moseley et al. (1) explain the Termination-II- 
age disparity among the time series (Fig. 1) as 
being due to the hypothesis that 7?°Th increases 
down the water column in the Devils Hole hydro- 
logic system selectively during terminations, name- 
ly during the period ~140 to 124 ka for Termination 
II (Fig. 1). About one-third of the age discrepancy 
attributed to the increase in *°°Th in the water 
column, hypothesized by Moseley e¢ al. (7) during 


Fig. 1. Comparison of 14.4 
Devils Hole 5'°0 time 

series. Core DH2-E i 
collected from Devils Hole 14.8 
Cave 2 at a distance above 15.0 
the water table of 0.8 m (1); 

core DH>-D collected from oie 
Devils Hole Cave 2 at a -15.4 


distance above the water 
table of 2.1m (1); core DH-2 
collected from Devils Hole 
(3) at a depth of 21 m and 
reanalyzed by Moseley et al. 
(1). From measurements of 
Moseley et al. (2), the ages -16.4 
of the DH2-E, DH2-D, and 


-15.6 


-15.8 


-16.0 


3'’Ovppe (%bo) 


-16.2 


Termination II, occurs over an elevational distance 
of 1.3 m—that is, between cores DH2-D and DH2-E 
(Fig. 2). Potentially, the entire hypothesized 7?°Th 
increase occurs over a distance of merely 3.6 m 
(Fig. 2), if one assumes a linear relationship. 
The maintenance over ~10,000 years of such a 
?3°Th gradient over 3.6 m (or even 1.3 m) near the 
top of a water column, subject to earth-tide- 
driven fluctuations of as much as 12 cm (8), is 
questionable. 

The difference in age of Termination II is not 
the only problem that needs explanation. The 8"°O 
time series of DH.-D and DH.,-E do not fully agree 
with those of DH-2 and DH-1I1. At 110 ka, the 
minimum 8"Oyppz value of core DH»-D is more 
than 0.25%o lower than that of DH-2 (Fig. 1) and 
DH-1l (4, 5, 7). 

That Moseley et al.’s preferred age (132 ka) for 
Termination I, obtained from core DH,-D, is sub- 
jective and unreliable is best seen by the time 
series for this core shown in figure 3 of (7), which 
shows events during Termination I, the best- 
dated portion of their record. The presently ac- 
cepted date for Termination I is ~14 ka (9). The 
time series for core DH2-D shown in figure 3 of 
(D) indicates an age for Termination I that is thou- 
sands of years younger than the accepted age. 
More disturbing is the absence of a post-10-ka 
plateau in the 5'Ovppr time series, a plateau pres- 
ent in all climate archives (e.g., ice cores, benthic 
5'O, and speleothems) marking the relatively 
uniform Holocene climate. If Moseley et al.’s data 
cannot accurately record events during the past 
15,000 years, why should readers accept their 
preferred age for Termination II, an event 100 
millennia older? 

These differences support the contention that 
the cores of Moseley e¢ al. are composed, at least 
in part, of “mixed-age calcite.” It would take a rel- 
atively small amount of calcite precipitated be- 
tween ~90 and 13 ka in voids in DH,-E and DH,-D, 
which were formed at a shallow depth, to decrease 


-16.6 
DH-2 Termination-!| mid- 

points, defined by 3!Ovpps = “16.8 
-15.7%o, are 130.6, 133.8, -17.0 


© DH2-E; +0.8 m (Moseley et al., 2016) 
= DH,-D; +2.1 m (Moseley et al., 2016) 
® DH-2; -21 m (Moseley et al., 2016) 


and 139.4 thousand years 


before the present. “ee 


110,000 


120,000 


130,000 140,000 
Age before present (years) 


150,000 160,000 


sciencemag.org SCIENCE 


Downloaded from http://science.sciencemag.org/ on October 20, 2016 


RESEARCH | TECHNICAL COMMENT 


140 F(5 Depth at which age difference 
« decreases to zero 


135 


DHp-E 


130 DH2-D 
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Bias in Termination-II age (years) 


Measured and projected age of Termination II (ka) 


-2 0 2 4 6 
Distance above present-day water table (m) 


Fig. 2. Measured and projected Termination-Il 
age as a function of distance above or below 
the present-day water table. Cores DH2-E, DH2-D, 
DH>2-G, and DH2-J were collected from Devils Hole 
Cave 2 at a distance above the modern water table, 
respectively, of 0.8, 2.1, 4.5, and 5.5 m (1). Solid cir- 
cles are measured values (1, 2), open circles are pro- 
jected values if one assumes linear bias in age with 
height above the water table, and the open square 
is a projected value assuming linear bias in age 
with height. 
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their apparent ages substantially. For example, 
if one assumes uniform uranium concentrations 
in the two end-members, 3% of a 13,000-year-old 
calcite would lower the apparent age of a 140,000- 
year-old calcite to 132 ka. 

The explanation by Moseley et al. for the var- 
iation of Devils Hole Termination-II ages with 
depth beneath the water table in Devils Hole is 
based on a postulated (not measured) increase 
in *°°Th with depth during glacial terminations. 
As arigorous test of their hypothesis, they should 
sample water in Devils Hole Cave 2 to a depth of 
60 m, which is the depth of the deepest dated 
calcite sample discussed by them, and measure 
its °Th concentration. I look forward to publi- 
cation of these °Th concentration measurements 
as well as the 5'°O time series of cores DH,-G, and 
DH,-J to learn whether the estimated biases in 
Termination-II ages (Fig. 2) are on target. 
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PALEOCLIMATE 


Response to Comments on 
“Reconciliation of the Devils Hole 
climate record with orbital forcing” 


Gina E. Moseley,'* Yuri V. Dublyansky,’ R. Lawrence Edwards,” Kathleen A. Wendt," 
Mathieu Pythoud,” Pu Zhang,” Hai Cheng,”* Yanbin Lu,?+ Ronny Boch,'{ Christoph Spétl’ 


Winograd and Coplen question the thorium-230 distribution model proposed 

to explain the age bias observed with increasing depth during Termination II. We have 
evaluated both criticisms and find that all samples display virtually identical fabrics, argue 
that the modern setting is not analogous to the conditions during Termination II, and 
reiterate the robustness of our age models. Our conclusions remain unchanged. 


n their Comments on our Report (7), Winograd 

(2) and Coplen (3) question the hypothesis 

that an increase in *?°Th concentration with 

depth in the Devils Hole aquifer [DH,,, en- 

compassing Devils Hole cave (DH) and Devils 
Hole no. 2 cave (DH-2)] caused erroneously old 
ages in deeper samples across Termination II (TI). 
Winograd’s argument is based on the accuracy 
of the 2°°Th ages produced for the shallow sam- 
ples, whereas Coplen’s argument is founded on a 
“challenging” depth gradient in *°°Th needed to 
maintain the age offset. 

8'8O time series produced over a depth range 
of 32.1 m within DH,, demonstrate a linear 
(R® = 0.97) increase in age with depth for TI (J). 
Using well-understood ocean chemistry (4-6), 
Moseley et al. (1) and others (7, 8) proposed 
a model for DH,, whereby *°°Th produced in 
the water column is scavenged and transported 
downward by settling particles. Continuous 
reversible exchange between dissolved 7°°Th 
and *°°Th adsorbed onto particles causes an 
increase in concentration with depth (4). Scav- 
enging (9) of dissolved *?°Th onto calcite at the 
cave walls thus results in increasingly erro- 
neously old °°Th ages with depth. Similar to the 
oceans, it is possible that changes with time in 
the total sediment flux affected the radionuclide 
flux (5, 9) and intensity of scavenging (9), hence 
providing a mechanism for the greater age biases 
observed during glacial terminations (J). 

Winograd and Coplen do not dispute that an 
excess of *°Th exists in the DH,, [in (10), °°Th 
ages are corrected for excess °Th]; in contrast 
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to our model, however, Winograd argues that 
effective mixing and active flow in DHaq pre- 
cludes an increase in *°°Th concentration with 
depth (2), whereas Coplen questions the steep- 
ness of the *°°Th gradient (3). 

Winograd’s qualitative arguments are based 
on (i) temperature surveys in DH that suggest 
that convection occurs in winter and stratification 
in summer along with “horizontal groundwater 
flow” (11); (ii) low vertical thermal gradients char- 
acteristic of upward flow of geothermal water 
within fault zones; (iii) chemical homogeneity 
between 5 and 37.5 m depth (12); (iv) the dif- 
ference between air and water temperatures; 
and, finally, (v) a statement about water transit 
times. Several lines of reasoning argue against 
these points. 

Temperature measurements to -34 m in DH 
indicate that cold surface waters sink during 
the winter months, causing vertical convective 
mixing (J7). This finding, however, is hardly 
relevant for our model because the roof col- 
lapse that opened DH to the surface occurred 
~60,000 years ago (12); thus, modern winter con- 
ditions in DH are not analogous to the conditions 
that existed during TII. DH-2, which remains 
relatively enclosed with only two small (several 
m”) openings, provides the closest modern ana- 
log for TII conditions; however, detailed studies 
of the water column have not yet been conducted. 
Observations in DH during the summer, when 
the air temperature is closer to that of the water, 
are thus the closest available analog to TII con- 
ditions, and these indicate very precisely the pres- 
ence of a stable, stratified water column with a 
temperature gradient of 0.005°C m™ (11) (i.e., no 
convective mixing). 

Winograd et al. (10) estimated the transit time 
of water recharging ~80 km away and discharg- 
ing at DH to be less than 2000 years. Based on 
these numbers, the transit time between the 
caves (5 years) was calculated to be within 7°°Th 
age uncertainties (1); hence, differences in age 


for a specific event are unlikely to be caused by 
leads and lags in the arrival of the water. The 
transit time between the two caves may, how- 
ever, be variable, and had it ever exceeded ?°°Th 
age uncertainties (J), then the 5'°O time series 
for DH, which is downstream, should lag DH-2 
[note that the flow direction is incorrect in (2)]. 
In fact, the data demonstrate the exact oppo- 
site (7). Winograd (2) implies that the flow ve- 
locity within the two caves is different from 
(faster than?) his average for the aquifer (0) 
and that the DH and DH-2 water bodies are not 
isolated standpipes. In such “active flow,” he 
postulates that ?°°Th would be displaced, pre- 
venting its accumulation with depth. 

Assuming that Winograd’s (JO) transit time is 
correct, the average flow velocity in the ground- 
water system is on the order of n x 10° ms, 
which is two orders of magnitude slower than 
the terminal velocity of settling fine-silt particles 
(13). Lateral laminar advective flow may thus 
deflect trajectories of settling particles in the 
direction of flow but cannot disturb the vertical 
?3°Th gradient. Furthermore, the presence of 
“dirty” calcite on the footwalls of both caves is 
evidence that the hydrodynamic nature of the 
DHag does not prevent the settling of particles 
(and hence the accumulation of 72°Th with depth). 
Similarly, oceans are not stagnant water bodies 
either, yet both shallow and deep waters main- 
tain a °Th gradient (4-6). 

Coplen outlines a case in which he assumes 
that sample DH-2,,; collected at -21 m relative to 
the present water table (r.w.t.) is the “heretofore 
accepted Devils Hole time series” (3). Justifica- 
tion for why DH-2,,; was chosen as the correct 
chronology over the other three samples depos- 
ited at +2.1 (DH.-D), +0.8 (DH.-E), or -30 (DH-11) 
m r.w.t. is, however, absent. We question the 
stance that DH-2,,; yields the “correct” chro- 
nology across TII on the basis that the glacial- 
interglacial transition in this 5'°O time series 
leads local dripstone records by ~8 thousand 
years (ky), of which the latter are in agreement 
with orbital forcing (4-16). Because the DHag 
and local dripstones received the same Pacific- 
sourced moisture during TH, the timing of 880 
shifts at each site should be in agreement. 

In Moseley e¢ al. (1), age models for samples 
DH,-D, DH.-E, and DH2,, were constructed in 
OxCal (17, 18) from high-resolution (100 um) 
stable isotopes and a high density of precise 
[3 per mil (%o)] 7°°Th ages in stratigraphic 
order, which had been analyzed using the most 
up-to-date techniques (19, 20). Age-model in- 
dices (27) were ~100% in all cases. In keeping 
with previous discussions (22), and thus use of 
sample DH-11, which has a TII midpoint &'%0 
value of -15.7%o0 (Vienna Pee Dee belemnite) 
(22), Moseley et al. assigned the TI midpoint 
in each newly analyzed sample as the first point 
in the age model with a 8'%0 value of -15.7 + 
0.08% (23). We consider our age modeling ap- 
proach and allocation of TII-midpoint ages to 
be clear, logical, and reasonable. 

Under the assumption that DH-2,,, is the cor- 
rect chronology, Coplen states that the timing 
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Fig. 1. The ages of the TII midpoint in samples 
at different depths/elevations relative to the 
present water table. Uncertainties are + 2 SD. Lin- 
ear trend lines are fitted through the original data 
set [red, n = 4 °°Th ages (1)] and Coplen's newly 
proposed data set [blue, n 7°°Th ages = 2 (3)]. 


of TII recorded in shallower cores DH»-D and 
DH.-E is too young (3). Using “smoothed” 
versions [(figure 1 in (3)] of the age models of 
Moseley et al. (1), Coplen shifts the TII mid- 
points by up to 1600 years (Table 1) and cal- 
culates an age disparity of ~2.5 ky m™ from the 
two shallowest cores (excluding the two deeper 
cores) (Fig. 1). The method of construction of 
Coplen’s alternative age models is unclear; plus, 
we find no reason why a different approach to 
age modeling should be taken. 

Moseley et al. (1) demonstrated a strong lin- 
ear correlation (R° = 0.97) between age and depth 
that encompassed all four samples and yielded 
an age bias-depth gradient of 0.29 ky m™ (Fig. 1). 
Similarly, a linear trend line fitted to Coplen’s 
four TII-midpoint ages (R? = 0.95) would yield 
a gradient of 0.33 ky m”. Consequently, the age 
bias-depth gradient (~0.3 ky m“) is more realistic 
when all four samples across a depth range of 
32.1 m are taken into consideration, rather than 
just two samples over a depth range of 1.3 m 
(2.5 ky m”). 

Coplen (3) suggests that analysis of addition- 
al higher-elevation cores from +4.5 and +5.5 m 
r.w.t. should yield TIIl-midpoint ages of 124.6 
and 122.1 ky, respectively, based on the 2.5 ky m™ 
gradient (3). Indeed, we do intend to analyze 
additional cores from higher elevations above 
the present water table, although such work will 
take considerable time, effort, and resources. 
Likewise, a detailed study examining the cause 
for deviation of 5'8O values between shallow and 
deep samples at discrete time periods, such as 
110 thousand years ago (Ka) (3), reaches beyond 
the scope of this Response. 

The suggestion that we analyze the °°Th con- 
centration with depth in DH-2 is indeed some- 
thing that we have considered. Although it would 
be an interesting exercise, this must await a ma- 
jor effort to collect such water without introduc- 
ing contamination from the nearby walls of 
the cave. We have, however, measured the 7°*U 
concentration of shallow DH-2 water (Table 2) 
and find that it is 2.2 times that of seawater 
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Table 1. Ages for the TIl midpoint in samples from different depths/elevations in DH and DH-2. 


Uncertainties are + 2 SD. 


Modern 


Midpoint TII (ka) 
Moseley et al. (1) 


Midpoint TIl (ka) 


Coplen (3) Difference (ka) 


position (m, r.w.t.) 


#21 


ey, a8 1115) 


139.8 + 0.9 


130.6 + 0.4 16 


139.4+0.5 


142 + 3 (22) 


Table 2. U concentration and composition of DH-2 water. The samples were collected in February 
2016, ~0.2 and 1.3 m below the modern water table. “Filtered” indicates that water samples were 
passed through a 0.2-um pore filter to remove particles >0.2 um. Uncertainties are + 2 SD. 


Approximate 2341 /238y 8234ut 234) conc. 2384) conc. 
depth* (m) (atomic x 10~°) (%o) (ag/g) (ng/g) 
=O2 (filtered) 151.84 + 0.11 1762.2 + 2.0 460 +1 30792 0.005 


"-1.3 (unfiltered) 


151.82 + 0.11 


*Depth relative to the water table during sampling. 


(24); thus, all other factors being equal, one would 
expect “°Th concentrations in DH-2 water to be 
higher than a marine equivalent. Furthermore, 
as discussed, the modern water may not be anal- 
ogous to TII water; thus, given that the age bias 
is only observed during glacial terminations, mea- 
surements on today’s aquifer may not provide a 
suitable indication of the conditions that were 
present when the age-offset was created. 

In summary, although several details of the 
DHag reversible 30°Th scavenging model require 
further study, arguments based on the hydro- 
dynamic nature of the aquifer (2) and the *"°Th 
gradient (3) do not render the model invalid. 

Winograd (2) furthermore proposes that the 
ages reported in (7) may represent “mixed ages” 
of older fast-growing calcite and younger calcite 
that subsequently filled pore spaces. He spec- 
ulates that fast calcite growth, leading to higher 
porosity, was due to CO, outgassing in the upper 
~5 m of the water column during TI. In support 
of this contention, he notes that samples display- 
ing younger ages for TII formed much closer to 
the water table and that the water table was de- 
clining during the glacial-interglacial transition. 
Winograd rightly suggests that his assumption 
can be tested by thin-section examination (2). 

Examination of the calcite fabrics that were 
deposited across TII in cores at +2.1, +0.8 and 
-21 m rw.t. reveals virtually identical petro- 
graphic features (Fig. 2) generally consistent with 
previous observations (25). Mammillary calcite 
in all three samples has a compact fabric, com- 
prising composite columnar crystals, each being 
a “bundle” of multiple rod-shaped (aspect ratio 
>20) crystallites. Primary growth zonation ob- 
served under epifluorescence indicates that the 
mamumillary calcite surface advanced as multi- 


1761.9 + 2.1 


460 +1 3.083 + 0.005 


t3234y = ((734U/?8U activity — 1) x 1000. 


ple rhombohedral crystal terminations of crys- 
tallites 50 to 150 um in size. Both the columnar 
crystals and the crystallites are tightly packed, 
and intervening pore spaces are absent. Aque- 
ous fluid inclusions are very rare, and typically 
occur where several adjacent columnar crystals 
meet. The former show equant three-dimensional 
shapes and commonly preserve the morphol- 
ogy of cleavage rhombohedra (i.e., no sign of 
recrystallization). 

There is thus no evidence of increased poros- 
ity in any of our samples across TII. The con- 
tention of Winograd (2) regarding “fast” calcite 
growth and development of porosity in mam- 
millary calcite forming at shallow depth in DH, 
is not supported by petrographic evidence. 

Furthermore, although the mammillary calcite 
in the shallow cores was, indeed, deposited on 
average slightly faster than its deeper counter- 
part during TII, the growth rates show no ob- 
vious relation to the water table decline (7). In 
fact, deposition seems to have slowed down 
rather than accelerated across TII, as would be 
expected if the deposition rate were controlled 
by progressively higher CO, outgassing in re- 
sponse to a declining water table. This suggests 
that CO, outgassing was not the primary factor 
controlling the kinetics of mammillary calcite 
deposition. This conclusion is consistent with 
previous findings (72) that “rate dependence on 
PCO, is small at CO, partial pressures in the 
range of that at Devils Hole.” 


REFERENCES AND NOTES 


1. GE. Moseley et al., Science 351, 165-168 (2016). 

2. |. J. Winograd, Science 354, 296 (2016). 

3. T.B. Coplen, Science 354, 296 (2016). 

4. M. P. Bacon, R. F. Anderson, J. Geophys. Res. 87, 2045-2056 
(1982). 


21 OCTOBER 2016 * VOL 354 ISSUE 6310 296-e 


Downloaded from http://science.sciencemag.org/ on October 20, 2016 


RESEARCH | TECHNICAL RESPONSE 


DH,-D Termination II +2.14m 


Fig. 2. Thin sections of samples at +2.1, +0.8, and —21 m relative to the present water table 
(transmitted light; nicols partially crossed). Calcite that was deposited during TIl is located 
approximately within the bounds of the red dashed lines. The respective 8!°O curve (yellow) for each 
sample is superimposed on top of the thin section in its approximate position and shows an increase 
of ~2%o (not to scale) across TIl. The boundary between mammillary calcite (subaqueous) and folia 
(formed at the water table) in DH2-D and DH2-E is emphasized by a solid white line. The calcite fabric 
deposited during TII is identical to that deposited before TI] and in the Eemian and does not vary 
between samples. 
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A native of the Andean 
highlands, the sparkling 
violetear hummingbird 
(Colibri coruscans) 


EVOLUTION 


Expect the unexpected 


n convergent evolution, similar environ- 

mental conditions produce similar sets of 

adaptations. Does similar convergence exist in 

the molecular underpinnings of such morphologi- ©. 

cal changes? Natarajan et al. looked across more 
than 50 species of birds that have adapted to different ele- ; 
vations to identify patterns of similarity in hemoglobin-oxygen ~ 
binding affinity (see the Perspective by Bridgham). Increases in 
hemoglobin-oxygen binding affinity occurred in alpine species, 
but the molecular changes underlying the hemoglobin changes 
were variable. Thus, even in cases where adaptive phenotypic 
change is predictable, the molecular pathways to these changes 
may not be. —SNV 


Science, this issue p. 336; see also p. 289 
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Peng et al., p. 301 


A ial 
New players 
in the repertoire 
Antigen-presenting cells, such as 
macrophages and dendritic cells, 
activate immunological T cells 
by presenting them with antigens 
bound by major histocompat- 
ibility complexes (MHCs). The 
proteasome typically processes 
these antigens, which include 
peptides derived from both self 
and microbial origins. Liepe et al. 
now report that, surprisingly, a 
large fraction of peptides bound 
to class | MHC on multiple human 
cell types are spliced together 
by the proteasome from two 
different proteins. Such merged 
peptides might turn out to be 
useful in vaccine or cancer immu- 
notherapy development. —KLM 
Science, this issue p. 354 


Social transfer of 
pain in mice 
Pain experienced by an individual 
can be modulated by social, cog- 
nitive, and emotional factors. In 
a group setting, can an individual 
experiencing pain affect other, 
pain-free individuals’ behaviors 
and responses? Smith et al. 
explored this question in mice. 
They examined the responses 
of “bystander” animals housed 
in the same room, but not in the 
same cage, as animals experienc- 
ing hyperalgesia—a heightened 
sensitivity to pain—from tissue 
damage or withdrawal of opiates. 
The “bystander” animals also 
displayed hyperalgesia, which 
was mediated by olfactory cues. 
—PLY 

Sci. Adv. 10.1126/sciadv.1600855 

(2016). 


Belief system dynamics 


People tend to structure their 
beliefs in a way that appears 
consistent to them. But how do 
some beliefs within groups per- 
sist in the face of social pressure, 
whereas others change and, by 
changing, influence a cascade of 
other beliefs? Friedkin et al. devel- 
oped a model that can describe 
complexes of attitudes in a group 
that interact and change (see 
the Perspective by Butts). Their 
model revealed how the changing 
views of the U.S. population on 
the existence of weapons of mass 
destruction in lraq changed their 
views on whether the invasion by 
the United States was justified. 
—BJ 

Science, this issue p. 321; 

see also p. 286 


Ashocking 
transformation for silver 


Clever processing of met- 
als leads to technologically 


Silver microcubes deformed by 
high-velocity impact 
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useful properties such as 
increased hardness and ductil- 
ity. Thevamaran et al. fired 
specially synthesized silver 
cubes at a hard piece of silica, 
which produced a shock wave 
that dramatically changed the 
microstructure of the silver. The 
approach produced an extreme 
range in grain sizes that is use- 
ful for creating bendable yet 
strong metals. —BG 

Science, this issue p. 312 


MUCOSAL IMMUNITY 
Sopping up IL-22 drives 
intestinal disease 


The causes of inflammatory 
bowel disease (IBD) such as 
Crohn's disease and ulcerative 
colitis are likely complex and 
multifactorial, involving loss of 
epithelial cell integrity, chronic 
inflammation, and changes 

to the microbiota. Pelczar 

et al. investigated potential 
disease-driving mechanisms 
by studying IBD patients and 
mouse models. IBD patients 
express elevated levels of 
interleukin-22 binding protein 
(IL-22BP), which binds to the 
protein IL-22, preventing its tis- 
sue repair—promoting actions. 
Moreover, IBD development 

in mouse models requires 
IL-22BP. Lastly, IBD patients 
responding to therapy with anti- 
bodies against tumor necrosis 
factor-a exhibited reduced 
levels of IL-22BP but retained 
IL-22 expression, suggesting 
one mechanism by which this 
therapy may act. —KLM 


Science, this issue p. 358 


FORCE SPECTROSCOPY 
Many tiny force sensors 


Several techniques can measure 
forces on biomolecules, but the 
need to connect the molecule to 
the macroscopic world often lim- 
its the rate at which data can be 
taken. Nickels et al. created large 
arrays of nanoscale force sensors 
by using DNA origami structures. 
Single-stranded DNA molecules 
of different lengths attached to 
the molecule of interest acted 
as entropic springs, with shorter 
strands exerting more force. The 
authors used their setup to study 
the bending of DNA induced by 
the TATA-binding protein. —PDS 


Science, this issue p. 305 


CANCER 


Metastasis casts a NET 
Neutrophil extracellular traps, or 
NETs, are DNA structures that 
are produced by neutrophils in 
response to infection and can 
promote the spread of cancer in 
the presence of infection. Park 
et al. discovered that even in the 
absence of infection, metastatic 
breast cancer cells can stimulate 
neutrophils to form NETs, which 
further support the spread of 
metastasis. The authors also 
demonstrated an approach to 
breaking this vicious cycle by 
using nanoparticles coated with 
deoxyribonuclease I, an enzyme 
that breaks down the DNA NETs. 
This treatment was effective 
at reducing lung metastases in 
mice, demonstrating the poten- 
tial of NETs as a therapeutic 
target. —YN 

Sci. Transl. Med. 8, 361ra138 (2016). 
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T CELL MEMORY 
Priming for T cell 
memory in tissues 


During infections, dendritic 
cells prime T cell immunity 
and drive a subset of T cells 

to become long-lived memory 
cells. Memory T cells come in 
two flavors: those that circu- 
late and those that establish 
long-term residency in tissues 
(Trm). Iborra et al. investigated 
the priming requirements 

of each type of cell in mice. 
Direct antigen presentation by 
dendritic cells is sufficient for 
generating circulating memory 
CD8* T cells. In contrast, CD8* 
Trm cells require antigen cross- 
presentation by dendritic cells 
that express DNGR-1, a protein 
receptor that binds necrotic 
cells. Without either DNGR-1 
or cross-presenting dendritic 
cells, mice form few Trm cells 
in response to viral infection. 
—KLM 


Immunity 10.1016/ 
j.immuni.2016.08.019 (2016). 
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ENERGY EFFICIENCY 
Better buildings’ 


appetites for energy 


Building codes targeting energy 
efficiency may not lead to 
obvious reductions in energy 
consumption, particularly 
compared with optimistic 
engineering predictions made 
before enacting the codes. 
Levinson studied homes in 
California where, since 1978, 
increasingly ambitious build- 
ing regulations have targeted 
energy efficiency. But after 
controlling for factors such 

as home size, location, and 
occupant demographics; mea- 
suring consumption responses 
to temperature changes; and 
comparing with consumption 

in other states, newer homes 
built to meet California's stricter 
standards used no less energy 
than older ones. Although 

no direct impact on energy 
consumption was observed, the 
codes may have still had ben- 
efits, such as allowing residents 


sciencemag.org SCIENCE 
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to stay more comfortably warm 

or cool for a given amount of 

energy consumption and cor- 

responding greenhouse gas 

emissions. —BW 

Amer. Econ. Rev. 10.1257/aer.20150102 
(2016). 


MATERIALS SCIENCE 
Breaking the 
strongest of bonds 


Boron carbide is an extremely 
hard ceramic used for applica- 
tions such as bulletproof vests. 
Its exceptional properties 

are due to the bond strength 

in boron-carbon chains and 
clusters. Xie et al. show that the 
boron-carbon bond isn't quite 
as unbreakable as it may seem. 
The researchers found evidence 
for the complete destruction of 
12-atom boron carbide clusters 
during laser-assisted evapora- 
tion while performing atom 
probe experiments. This result 
defies the expectation that these 
clusters are hard to break and 


SCIENCE sciencemag.org 


— 


may help explain the decrease 
in ballistic performance at high 
impact rates. —BG 
Proc. Natl. Acad. Sci. U.S.A. 10.1073/ 
pnas.1607980113 (2016). 


MICROPOROUS COMPOUNDS 
Creating a 
polybenzene network 


Metal-organic framework (MOF) 
compounds are microporous 
materials in which inorganic 
centers are linked with organic 
ligands. Some network topolo- 
gies, such as the diamond 
lattice, are formed by many 
MOFs, whereas others require 
specific linker positioning. One 
of the most difficult to form 

is the polybenzene (pbz) 
network that results from 
connecting phenyl rings via 
single carbon-carbon bonds 
into a three-dimensional 
network. Alezi et al. show 

that a six-connected hexag- 
onal zirconium(IV) cluster 

can link a hexagonal ligand 


Cartoon of a zirconium-based metal-organic 
framework with the polybenzene (pbz) structure 


REPRODUCTIVE BIOLOGY 


Somatic cells raise 
sperm barriers 


perm release is a 

potential target for 

contraception. Using 

time-lapse studies of 

sperm release from 
Drosophila testes ex vivo, 
Dubey et al. found that 
spermatid tails are released 
from the testes before the 
heads. Before ejection, 
spermatid heads attempt to 
penetrate the somatic cells 
of the testes but are repelled. 
Localized actin nucleation 
in the cortex of the somatic 
cell generates a mechanical 
barrier, preventing invasion. 
This response has simi- 
larities to the regulation of 
sperm release in mammals. 
—SEH 

Dev. Cell 38, 507 (2016). 


Testes cells block sperm 
reentry with actin. 


(a phenyl group substituted with 
carboxylate-terminated bipheny! 
groups) to form a pbz network. 
Structural studies verified an 
appropriate dihedral angle 
(70.5°) between the central 
phenyl ring of the linker and the 
hexagonal zirconium center. The 
material is not high-porosity but 
achieves high uptakes of meth- 
ane at high pressures. —PDS 
J.Am. Chem. Soc.10.1021/ 
jacs.6b08176 (2016). 
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CANCER THERAPY 
Ahat trick for 
differentiation therapy? 


Most forms of acute myeloid 
leukemia (AML) are associated 
with a poor prognosis. One 
exception is acute promy- 
elocytic leukemia, which is 
largely curable by two drugs, 
one originating from tradi- 
tional Chinese medicine. Both 
drugs act by forcing leukemic 
precursor cells to differenti- 
ate into mature cell types 

that no longer divide. Given 
that all forms of AML are 
characterized by preleukemic 
myeloid cells whose differ- 
entiation is arrested, Sykes 

et al. performed an unbiased 
screen for compounds that 
induce myeloid differentiation. 
Unexpectedly, the most active 
compounds in mouse and 
human models were inhibitors 
of dihydroorotate dehydro- 
genase, an enzyme involved 

in pyrimidine biosynthesis. 
These inhibitors slowed AML 
development in mice and thus 
may merit further study as a 
therapy for the human disease. 
—PAK 


Cell 167, 171 (2016). 


NEUROSCIENCE 
Explaining gender 
differences in anxiety 


Differences in the way brain 
neuronal circuits respond to the 
hormone oxytocin can explain 
gender-dependent variation in 
behavior. Li et a/. found that a set 
of oxytocin-responsive neurons 
are anatomically similar in both 
sexes, but in males, they secrete 
a protein that antagonizes the 
effect of the stress-associated 
corticotropin-releasing hor- 
mone. This interaction provides 
an anti-anxiety effect with 
oxytocin that is not seen in 
females. Such signaling 
differences could underlie 
sex-dependent differences in 
social or emotional disorders 
and may reveal new mecha- 
nisms for therapeutic 
intervention. -—LBR 
Cell 10.1016/j. 
cell.2016.08.067 (2016). 
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BIOMASS PROCESSING 
Formaldehyde protects 
and serves 


The lignin found in plants is a 
desirable renewable feedstock 
for fuels and other useful com- 
pounds. Breaking down such a 
strong, energy-dense polymer, 
however, requires pretreatment 
of plant biomass under harsh 
conditions. These pretreatment 
steps often cause side reactions 
within the polymer itself, which 
ower the overall yields of lignin 
monomers. Shuai et al. used 
formaldehyde during pretreat- 
ment to block the reactive groups 
that lead to carbon-carbon 
inkages in lignin. This simple step 
stabilized lignin during pretreat- 
ment, resulting in dramatically 
improved yields. —NW 


Science, this issue p. 329 


ORGANIC CHEMISTRY 
How to turn olefins into 
nucleophiles 


The Grignard reaction has a sto- 
ried place in the development of 
organic chemistry. Recognized 
by the Nobel Prize more than 
acentury ago, this coupling of 
organomagnesium halides with 
carbonyl compounds remains 
a widely used route to carbon- 
carbon bonds. Nguyen et al. 
review an emerging alternative 
protocol that replaces the sensi- 
tive magnesium reagent with a 
catalytically activated olefin and 
areductant such as hydrogen or 
an alcohol. In addition to safety 
and efficiency considerations, 
this class of reactions benefits 
from the high abundance and 
low cost of the olefins. —JSY 
Science, this issue p. 300 


STRUCTURAL BIOLOGY 
Gating a calcium channel 


The type 2 ryanodine receptor 
(RyR2) controls the release of 
calcium ions from the sarco- 
plasmic reticulum in cardiac 
cells—the initiating step in 
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cardiac muscle contraction. 
Mutations in RyR2 are associ- 
ated with cardiac diseases. 
Peng et al. used single-particle 
electron cryomicroscopy to 
determine the structure of RyR2 
from porcine heart at 4.4-A reso- 
lution with the calcium channel 
closed and at 4.2-A resolution 
with the calcium channel open. 
The structures reveal how 
interdomain motions result in 
a conformational change in the 
cytoplasmic region of RyR2 
that is transduced by a central 
domain to cause motions that 
open or close the channel. —VV 
Science, this issue p. 301 


SOLID-STATE PHYSICS 
Relating interactions and 
nematicity 


The electronic system ina 
strongly correlated material can 
sometimes be less symmetri- 
cal than the underlying crystal 
lattice. This loss of symmetry, 
caused by interactions and 
dubbed electronic nematicity, 
has been observed in a number 
of exotic materials. However, 
establishing a direct connection 
between the interactions and 
nematicity is tricky. Feldman 

et al. used scanning tunneling 
microscopy to image the wave 
functions of electrons on the 
surface of bismuth placed in 

an external magnetic field. The 
exchange interactions in the 
material caused a loss of sym- 
metry, which was reflected in 
the orientations of the electrons’ 
elliptical orbits. —JS 


Science, this issue p. 316 


DEVICE TECHNOLOGY 
Almost-off transistors 


Wearable devices and environ- 
mental sensors ideally should 
consume very little power to 
avoid the need for batteries 
that would have to be replaced. 
Lee and Nathan developed a 
thin-film transistor (TFT) from 
In-Ga-Zn-O thin films. To make 
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the material less conductive, the 
films were fabricated to avoid 
oxygen vacancies. The TFT oper- 
ated at ultralow power (less than 
1nW) and at switching voltages 
of less than 1V with very high 
intrinsic gain. The devices work 
by changing the height of the so- 
called Schottky barrier formed 
between the semiconductor gate 
material and the metal drain 
contact. —PDS 

Science, this issue p. 302 


CHEMICAL PHYSICS 
Acetylene’s scission 
visualized by selfie 


Can molecules take pictures 
of themselves? That is more 
or less the principle underlying 
laser-induced electron diffrac- 
tion (LIED): A laser field strips 
an electron from a molecule and 
then sends it back to report on 
the structure of the remaining 
ion. Wolter et al. applied this 
technique to acetylene to track 
the cleavage of its C-H bond 
after double ionization (see 
the Perspective by Ruan). They 
imaged the full structure of the 
molecule and also distinguished 
more rapid dissociative dynam- 
ics when it was oriented parallel 
rather than perpendicular to the 
LIED field. —JSY 

Science, this issue p. 308; 

see also p. 283 


MICROBIOLOGY 
Consenting mycobacteria 


Mycobacteria encompass 
several slow-growing patho- 
gens, including organisms that 
cause leprosy and tuberculosis. 
Mycobacteria use a compo- 
nent of their ESX (or Type VII) 
secretion system for a distinc- 
tive form of genetic exchange 
called distributive conjugal DNA 
transfer. Gray et al. investigated 
a quicker-growing model spe- 
cies, Mycobacterium smegmatis. 
They found that the secretory 
apparatus, ESX-4, is essential for 
DNA transfer into the recipient 


Published by AAAS 


but is not required for donor 
cells to pass along their DNA. 
The ESX-1 secretory apparatus 
was required in the recipient for 
ESX-4 induction, but it did not 
appear to provide the physical 
channel for DNA. Rather, ESX-1 
may secrete cell-surface “mating 
factor” receptors. More research 
will be needed to understand the 
details of this intriguing means 
of DNA exchange in mycobacte- 
ria. —CA 


Science, this issue p. 347 


PLANKTON DYNAMICS 
Drivers of phytoplankton 


blooms 


Despite decades of study, there 
is little evidence to link increases 
in phytoplankton growth in 
response to springtime warming 
with the dynamics of phyto- 
plankton blooms. This lack of 
understanding makes it difficult 
to make predictions about 
global biogeochemical cycling 
in response to climate change. 
Hunter-Cevera et al. analyzed 
over a decade of data collected 
hourly from the New England 
shelf between 2003 and 2016 
(see the Perspective by Worden 
and Wilken). Blooms now occur 
20 days earlier than at the start 
of observations, because earlier 
springtime warming stimulates 
cell division earlier each year. 
Nevertheless, despite the shift in 
timing, predatory organisms in 
the food chain are still ready to 
consume the superabundance, 
which brings the blooms to an 
abrupt end each year. —CA 
Science, this issue p. 326; 
see also p. 287 


PALEONTOLOGY 
Jaws from the jawless 


Until a fossil called 
Entelognathus was found to 
contain a tripartite jaw a few 
years ago, it was believed that 
the skeletons of early osteich- 
thyans (bony fish), the ancestors 
of all vertebrates, were derived 


sciencemag.org SCIENCE 


independently of those of the 
earlier placoderms (so-called 
jawless fish). Zhu et al. now 
describe a second Silurian placo- 
derm that more securely bridges 
the jawless toothlike plates of 
placoderms to the develop- 
ment of the jawed condition that 
ultimately led to the three-boned 
jaw in ancestors of modern 
vertebrates (see the Perspective 
by Long). This finding upends 
the traditional belief that the 
two types of jaw were nonho- 
mologous and sheds light on the 
evolution of the complex maxilla, 
a key component of diversifica- 
tion across many modern taxa, 
including humans. —SNV 
Science, this issue p. 334; 
see also p. 280 


PLANT PHOTOBIOLOGY 
Turning off the blue-light 
response 


In plants, blue light is perceived 
by cryptochromes, which, 
once activated, set off signal- 
ing events that regulate gene 
expression, circadian rhythms, 
and photomorphogenesis. Wang 
et al. now show that in the model 
plant Arabidopsis, one of the 
functions of activated cryp- 
tochromes, which are dimers 
or oligomers when active, is 
to activate production of the 
protein BIC] (blue-light inhibitor 
of cryptochromes 1) (see the 
Perspective by Fankhauser and 
Ulm). BIC1 then favors monom- 
erization and thus inactivation 
of the cryptochromes. This 
feedback loop resets the system 
so that blue-light responses can 
be turned off as well as turned 
on. —PJH 

Science, this issue p. 343; 

see also p. 282 


ENZYMOLOGY 
Enzymes for making (or 
breaking) methane 


The last enzymatic step of 
microbial methanogenesis, 

and the first step of microbial 
methane oxidation, relies on the 
nickel-containing tetrapyrrole 
coenzyme F430. The successful 
metabolic engineering of any 
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organism to enzymatically con- 
sume methane thus also needs 
the appropriate machinery to 
synthesize this compound. Using 
comparative genomics, Zheng et 
al. identified several candidate 
genes responsible for coenzyme 
F430 biosynthesis. Cloning and 
expression of all the subsequent 
proteins in Escherichia coli 
confirmed the complete in vitro 
conversion of sirohydrochlorin 
into mature F430. —NW 


Science, this issue p. 339 


EBOLAVIRUSES 
Treating Ebola with a 
Trojan horse 


The recent major Ebola virus 
outbreak in West Africa high- 
lighted the need for effective 
therapeutics against this and 
other filoviruses. Neutralizing 
ebolaviruses with antibod- 
ies is a challenge because the 
viruses bind their entry recep- 
tor, NPC1, inside the cell within 
endosomes rather than on 
the cell surface. Furthermore, 
enzymes in endosomes cleave 
the Ebola virus surface gly- 
coprotein (GP) to reveal its 
receptor binding site. Wec et al. 
now report a bispecific antibody 
strategy targeting all known 
ebolaviruses that overcomes this 
problem (see the Perspective 
by Labrijn and Parren). They 
coupled an antibody specific for 
a conserved, surface-exposed 
epitope of GP to antibodies that 
recognize either NPC] or the 
NPC1 binding site on GP. Treating 
mice therapeutically with these 
antibodies allowed them to sur- 
vive otherwise lethal ebolavirus 
infection. -KLM 

Science, this issue p. 350; 

see also p. 284 


MICROBIOLOGY 
Directing the movement 
of a pathogen 


The opportunistic pathogen 
Pseudomonas aeruginosa is 
particularly resistant to antibi- 
otic treatment when it forms 
biofilms. Biofilm formation 
requires both random migra- 
tion (to enable adjustment to 


constantly changing conditions) 
and directed migration (also 
called chemotaxis). Xu et al. 
found that binding of the bacte- 
rial messenger cyclic diguanylate 
monophosphate to the adap- 
tor protein MapZ suppressed 
random migration and biofilm 
formation by P aeruginosa (see 
the Focus by Orr and Lee). Thus, 
the MapZ-associated pathway 
could potentially be targeted to 
prevent the chronic and hard- 
to-treat infections caused by P 
aeruginosa.—WW 

Sci. Signal. 9, ral02 and fs16 (2016). 


INFECTIOUS DISEASES 
Persistent infections 
“interfere” with B cells 


Certain pathogens, includ- 
ing HIV, hepatitis virus, and 
lymphocytic choriomeningitis 
virus (LCMV), cause persis- 
tent infections that are often 
associated with suboptimal 
antibody responses. Fallet et al., 
Moseman et al., and Sammicheli 
et al. found that up-regulation of 
type 1 interferon (IFN-1) in the 
early phase of LCMV infection 
in mice contributed to prema- 
ture deletion of virus-specific B 
cells. Blocking IFN-1 prevented 
this B cell deletion. Although 

the studies agree that IFN-1 
does not act directly on B cells, 
they find that distinct immune 
cells mediate IFN-1-dependent 
deletion of B cells, depending on 
the system examined. A related 
Focus by Laidlaw et al. highlights 
how targeting the IFN-1 pathway 
could restore B cell responses 
during persistent viral infections 
in humans. —AB 


Sci. | mmunol. 
10.1126/sciimmunol.aah6817, 
10.1126/sciimmunol.aah3565, 
10.1126/sciimmunol.aah6789, and 
10.1126/sciimmunol.aaj1836 (2016). 
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Metal-catalyzed reductive coupling 
of olefin-derived nucleophiles: 
Reinventing carbonyl addition 


Khoa D. Nguyen, Boyoung Y. Park, Tom Luong, Hiroki Sato, 


Victoria J. Garza, Michael J. Krische* 


BACKGROUND: Since the discovery of the 
Grignard reaction more than a century ago, 
carbonyl addition mediated by premetalated 
reagents has played a central role in synthetic 
chemistry. Metal-catalyzed reductive coupling 
of m-unsaturated reactants with carbonyl com- 
pounds has emerged as an alternative to clas- 
sical carbonyl addition. Although such 
processes bypass stoichiometric organo- 
metallic reagents and the issues of safety, 


selectivity, and waste associated with [M] no cat/cat 
their use, in many cases the requisite R! ox l. nim Ap: 
terminal reductants are just as prob- I Stabe Then H,O 
lematic as the organometallic reagents (Metal salts) 
they replace. Catalytic reductive coupling Olefin 

feedstocks 


via hydrogenation or transfer hydro- 
genation represents a more ideal strat- 
egy for carbonyl addition as relatively 
safe, inexpensive reductants with low 


in byproduct-free carbonyl reductive coupling 
represents an especially important goal of 
chemical research. 


ADVANCES: Methods for the metal-catalyzed 
reductive coupling of m-unsaturated reactants 
with carbonyl partners have expanded consid- 


Classical C=O addition - Stoichiometric metals 


Metal catalyzed C=O reductive coupling 


erably in recent years. A broad palette of cat- 
alysts comprising diverse metals, ligands, and 
terminal reductants offers access to a surpris- 
ing array of transformations. In addition to 
providing catalytic variants of classical carbonyl 
additions, the mechanisms availed by transi- 
tion metal catalysts have unlocked broad, new 
capabilities and access to hitherto unavailable 
volumes of chemical space. Despite these 
advances, intermolecular catalytic reductive 

coupling of simple linear 
a-olefins with unactivated 
Read the full article carbonyl partners remains 
at http://dx.doi. an unmet and multifaceted 
org/10.1126/ challenge. Beyond defining 
science.aah5133 active catalysts, the use of 
such abundant reactants 
mandates an additional consideration: the id- 
entification of terminal reductants that are eq- 
ually inexpensive. Additionally, to avoid waste 
generation (a major issue in the context of 
large-volume chemical manufacture), byproduct- 
free methods for reductive coupling are highly 
preferred. Hence, processes mediated 
by elemental hydrogen or hydrogen 
autotransfer processes that exploit 
hydrogen embedded in the alcohol 
reactant itself are especially attract- 
ive. This latter class of catalytic C-C 
bond-forming processes was only re- 
cently discovered. 


OUTLOOK: The prototypical metal- 
catalyzed reductive C-C bond forma- 
tion and largest-volume application 


molecular weights may be used (Hg or 2- Oo H H+O of homogenous catalysis is hydrofor- 
Ss : l MLn (cat) ; a f 
propanol). Carbonyl addition via hydro- R! ~ L a ri 2 mylation (>10 million metric tons/ 
gen autotransfer is most ideal. In such R Reductant R R year), which transforms olefins into 
processes, hydrogen embedded within | Et,Zn/Et,B t—— Pyrophoric aldehydes through reaction with car- 
a reactant alcohol mediates reductive Feedstock R,SiH ——+ Highmass, $$$ bon monoxide and hydrogen. Despite 


coupling. By allowing alcohols to serve 
dually as reductant and proelectrophile 
(carbonyl precursor), this strategy com- 
pletely bypasses the use of exogenous 
reductants, enabling byproduct-free car- 
bony] addition from the alcohol oxida- 
tion level—that is, the direct conversion 
of lower alcohols to higher alcohols. Al- 
cohols are typically cheaper and more 
tractable than the corresponding carbo- 
nyl compounds, which is a further bene- 
fit of this approach. Ethylene (H,C=CH,) 
and a-olefins are the simplest z-unsaturated 
reactants and are manufactured on a 


vast scale at production volumes exceeded R 


only by alkanes. Hence, the discovery 
and development of catalytic methods 
that exploit olefin-derived nucleophiles 


The list of author affiliations is available in the full 
article online. 

*Corresponding author. Email: mkrische@mail. 
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Feedstock 


Stoichiometric metals 
Evolution of carbonyl addition chemistry. The progression 
from (top) premetalated reagents, to (top middle) reductive cou- 
plings mediated by external reductants, and last, (bottom middle) 
byproduct-free reductive couplings powered by hydrogen auto- 
transfer. (Bottom) Departure from preformed organometallic re- 
agents in carbonyl addition. 


2-PrOH, H, ———* Optimal 


Redox-triggered C=O coupling via H, transfer 


H;O 
R'S FRR 
H 


MLn (cat) 
H, embedded 
I in alcohol 
Reactant = Reductant 
ideal 
ZnEt, OH ae 
then HO n (ca 
2 R Bes Me R 
Pyrophoric reagents (vs) Inexpensive feedstocks 


byproduct-free 


Ses 
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longstanding use of this chemistry, 
the concept of hydrogen-mediated re- 
ductive coupling underlying hydro- 
formylation lay dormant for decades. 
Systematic efforts to exploit hydro- 
genation and transfer hydrogena- 
tion in reductive couplings to carbonyl 
compounds have only begun to em- 
erge. The impact is clear: Reactions 
that traditionally have used organo- 
metallic reagents may now be con- 
ducted catalytically in the absence of 
premetalated reagents or stoichiomet- 
H ric byproducts. Among the numerous 
3 possibilities for growth in this area, the 
development of catalytic systems for 
the intermolecular reductive coupling 
of ethylene and simple linear a-olefins 
with unactivated carbonyl partners re- 
mains an important, elusive objective. 
Reactions conducted from the alcohol 
oxidation level via hydrogen autotrans- 
fer offer a promising approach to 
catalytic processes of this type. 
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Metal-catalyzed reductive coupling 
of olefin-derived nucleophiles: 
Reinventing carbonyl addition 


Khoa D. Nguyen, Boyoung Y. Park, Tom Luong, Hiroki Sato, 


Victoria J. Garza, Michael J. Krische* 


a-Olefins are the most abundant petrochemical feedstock beyond alkanes, yet their use in 
commodity chemical manufacture is largely focused on polymerization and hydroformylation. 
The development of byproduct-free catalytic C-C bond-forming reactions that convert 
olefins to value-added products remains an important objective. Here, we review catalytic 
intermolecular reductive couplings of unactivated and activated olefin-derived nucleophiles 
with carbonyl partners. These processes represent an alternative to the longstanding use 

of stoichiometric organometallic reagents in carbonyl addition. 


yproduct-free catalytic C-C bond-forming 
reactions of o-olefins are of great commer- 
cial interest. Hydroformylation (J, 2) and 
single-site alkene polymerization (3) are 
now among the largest-volume applications 
of homogenous metal catalysis. Carbonyl com- 
pounds represent another abundant class of chem- 
ical feedstock that are derived from o-olefins via 
hydroformylation (oxo-products) (J, 2) or Wacker 
oxidation (4). Despite the availability of o-olefins 
and carbonyl compounds, there is a striking paucity 
of catalytic processes for the coupling of these 
orthogonal feedstocks. Here, we review direct meth- 
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Intramolecular Reductive Coupling (1995, refs. 5-7) 


ods for the metal-catalyzed reductive coupling 
of olefins with carbonyl compounds. Transforma- 
tions are cataloged according to their use of 
(i) unactivated or less activated olefins (a-olefins 
and styrenes), (ii) conjugated olefins (1,3-dienes, 
1,3-enynes), and (iii) highly activated olefins (en- 
ones, acrylates, and vinyl azines) (Fig. 1). Multi- 
component reactions, reductive couplings of 
allenes, reductive carboxylation, and carbonyl 
additions in which olefins are reduced in situ 
to form stoichiometric quantities of premetalated 
reagent—for example, through hydroboration 
or hydrozirconation—are not covered. 


a-Olefins and styrenes 
Intermolecular catalytic reductive coupling of 


simple linear a-olefins with unactivated carbonyl 


Intermolecular Reductive Coupling (no reports) 


partners remains an unmet challenge. Titanocene- 
catalyzed silane-mediated reductive cyclizations 
of 1,5-enones and enals were reported by Kablaoui 
and Buchwald (5, 6) and Crowe and Rachita (7) 
in 1995; however, intermolecular variants remain 
elusive. The concept of transfer hydrogenative 
carbonyl addition introduced by our laboratory 
(8-10) provides an important inroad to this prob- 
lem. Through the use of ruthenium(0) catalysts, 
vicinally oxygenated secondary alcohols serve du- 
ally as reductants and carbonyl precursors (Fig. 2) 
(11, 12). Ethylene, propylene, 1-octene, styrene, and 
a host of other terminal olefins were found to 
engage in highly regio- and diastereoselective 
C-C coupling with 3-hydroxy-2-oxindoles to form 
the corresponding tertiary alcohols (77). The scope 
of this process was extended through the use of 
related osmium(0) catalysts (12), which promote 
the C-C couplings of ethylene and 1-octene with 
diols, a-ketols, or a-hydroxy esters by way of vic- 
inal dicarbonyl intermediates. The collective data 
corroborate a catalytic mechanism involving oxa- 
metalacyclopentane formation via olefin-carbonyl 
oxidative coupling. Transfer hydrogenolysis of the 
metalacycle mediated by the reactant alcohol re- 
leases the product and regenerates the requisite 
carbonyl partner. As indicated in the general cat- 
alytic mechanism, carboxylic acid cocatalysts dra- 
matically enhance rate and conversion in these 
processes (Fig. 2), an effect that may be attributed 
to intervention of 6-centered transition structures 
for both protonolytic cleavage of the metalacycle 
and substitution of the carboxylate ligand by the 
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Fig. 1. Metal-catalyzed reductive coupling of 
unactivated and activated olefin-derived nu- 
cleophiles with carbonyl compounds. 
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Fig. 2. Metal-catalyzed reductive coupling of c-olefins with carbonyl partners. AdCO2H refers to l-adamantane carboxylic acid. X-Phos, 2- 
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reactant alcohol at the metal center. Related C-C 
couplings of vinyl carboxylates with activated 
secondary alcohols result in metalacycle fragmen- 
tation to form products of vinyl transfer (73). 
Anhydrides represent an alternate class of car- 
bonyl electrophile that have proven effective in 
catalytic reductive couplings with styrenes and 
certain o-olefins (Fig. 3). After initial observations 
by Kokubo et al. (14), we reported a highly regio- 
selective rhodium-catalyzed olefin-anhydride re- 
ductive coupling mediated by elemental hydrogen 
(15). Subsequently, an enantioselective variant 
of this process involving copper catalysts was 
developed by Bandar et al. (16). Oxidative coupling- 
metalacycle fragmentation pathways are proposed 
for the hydrogen-mediated processes, whereas 
the copper-catalyzed reactions are postulated to 
operate via olefin hydrometalation to form o-benzyl 
copper intermediates. Whereas hydroacylations 
using aldehydes as acyl donors require chelating 
groups to suppress conversion of the transient 
acyl metal intermediates to catalytically inactive 
carbonyl complexes, the present anhydride reduc- 
tive couplings overcome this limitation (77). 
Recently, an iron-catalyzed Prins-Meerwein- 
Ponndorf-Verley-type olefin-aldehyde reductive 
coupling mediated by 2-propanol was reported by 
Zheng et al. (Fig. 4) (18). Deuterium-labeling studies 
corroborate a catalytic mechanism in which con- 
densation of the aldehyde with 2-propanol trig- 
gers nucleophilic attack by the olefin. The nascent 
cation is reduced via internal hydride transfer. As 
anticipated on the basis of this nonconcerted or 
asynchronous oxonia-ene mechanism, olefins that 
best stabilize the developing cation are the most 
efficient reactants. The use of unactivated a-olefins 
in these couplings would represent a major advance. 


Dienes and enynes 


Butadiene (12 x 10° metric tons/year), isoprene 
(0.8 x 10° metric tons/year), and myrcene (30 x 
10° metric tons/year) are important chemical feed- 
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stocks. The first intermolecular metal-catalyzed 
reductive coupling of dienes with carbonyl com- 
pounds, a process mediated by triethylborane, 
was reported by Kimura e¢ al. in 1998 (Fig. 5) 
(19, 20). Diverse dienes may be converted to the 
respective homoallylation products in good yields 
and excellent levels of anti-1,3-diastereoselectivity. 
Regioselectivity in favor of coupling to the more 
substituted olefin moiety is observed. A mech- 
anism involving diene-carbonyl oxidative coupling 
to form transient oxo-nickelacycles is postulated 
(19, 20). Corresponding ketone homoallylations 
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were developed by using diethylzinc as the ter- 
minal reductant (27). Asymmetric variants of the 
nickel-catalyzed diene-aldehyde reductive cou- 
plings are limited to 1,4-diaryl-butadienes (22, 23). 
Whereas rhodium-catalyzed diene-carbony] re- 
ductive coupling mediated by elemental hydrogen 
requires use of a-ketoaldehydes (24), ruthenium 
catalysts promote the reductive coupling of di- 
verse dienes to unactivated aldehydes via transfer 
hydrogenation (25); 2-propanol or formic acid 
may serve as terminal reductant, or remarkably, 
the reactant itself may serve dually as reductant 
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Fig. 3. Metal-catalyzed reductive coupling of olefins with anhydrides. (S,S)-Ph-BPE, 1,2-bis 
[(2S,5S)-2,5-diphenylphospholanoJethane; DMMS, dimethoxymethylsilane. 
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H2Ru(CO)(PPh,)s (5 mol%) 
DPPB (5 mol%) 

(CH,0)n pues ees 

HO2CC7F 4s (5 mol%) 


87% Yield, >20:1 dr 
1,3-Cyclohexadiene 


(2012, ref. 36) (2013, ref. 38) 


Ru3(CO)42 (2 mol%) 
Rug(CO);9 (2 mol%) Me! Hee: FR 3 
le PCys (12 mol% (12 mol%) Y PCys (12 mol’ (12 mol%) 
ATHet “PhMe (2M) (2M) 
Qe Okt Bee “Pane 2m) » 130 S x“ Sn 


Me O 
75% Yield 75% Yield Me 
oa Isoprene Myrcene A 86% Yield 66% Yield 
% R Isoprene lsoprene 
HO. LR 
AtHet TT 
AtHet 


Isolable, X-Ray 


4 Forms Reversibly / 
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and carbonyl precursor. Enantioselective variants 
of the ruthenium-catalyzed reductive couplings 
have been developed (26-29). Whereas initial 
studies relied on the use of 2-silyl-substituted 
dienes to direct syn-diastereo and enantioselec- 
tivity (26), chiral phosphate counterions (28) en- 
able access to either the anti- or syn-diastereomers 
with good control of enantioselectivity (27, 28, 30). 
The collective data are consistent with a catalytic 
mechanism in which alcohol dehydrogenation 
triggers diene hydrometalation (Fig. 5). 

Ruthenium complexes that embody cationic 
character catalyze the reductive coupling of 2- 
substituted dienes to form all-carbon quaternary 
centers, as illustrated in 2-propanol-mediated re- 
ductive couplings with paraformaldehyde (Fig. 6) 
(31, 32); a vacant or labile coordination site at the 
metal center facilitates reversible diene hydro- 
metalation, enabling conversion of the kinetic 
n-allylruthenium isomer to the thermodynami- 
cally more stable, terminally disubstituted z-allyl 
species. Related hydrohydroxymethylations that 
directly use methanol (36 x 10° metric tons/ 
year) as a coupling partner were reported for the 
first time by using an iridium catalyst and 1,1- 
disubstituted allenes as pronucleophiles (33). In- 
deed, iridium complexes also catalyze the reaction 
of dienes with carbonyl compounds to form sec- 
ondary homoallylic alcohols (33, 34). Cyclohex- 
adiene (34) and butadiene (35) engage in either 
2-propanol-mediated reductive coupling or, as 
shown, direct primary alcohol C-C coupling via 
hydrogen autotransfer (Fig. 6). 

Ruthenium(0) catalysis enables reductive cou- 
pling of dienes with activated ketones from the 
secondary alcohol oxidation level via hydrogen 
autotransfer (Fig. 7) (36-38). Mechanistic studies 
corroborate a catalytic mechanism involving diene- 
carbonyl oxidative coupling to form an oxaruthe- 
nacycle. Hydrogen transfer from the secondary 
alcohol reactant mediates metalacycle hydrogen- 
olysis, releasing the products of C-C coupling and 
regenerating the activated ketone to close the 
catalytic cycle. The regioselectivity of C-C coupling 
at the diene C4-position is distinct among diene- 
carbonyl reductive couplings. Beyond a-hydroxy 
esters (36), this process applies to 3-hydroxy- 
2-oxindoles (37) and heteroaryl-substituted sec- 
ondary alcohols (38). In the latter case, the 
oxaruthenacycle intermediate was isolated and 
characterized, and reversible metalacycle forma- 
tion was established through experiments involv- 
ing diene exchange. 

The reductive coupling of conjugated enynes 
with carbonyl compounds to form homopropar- 
gylic alcohols was first reported in 2008 (Fig. 8) 
(39). Through the use of the ruthenium catalyst 
derived in situ from HClIRu(CO)(PPhs)s and 1,1'- 
bis(diphenylphosphino)ferrocene (dppf), hydrogen 
is transferred from primary alcohols to 1,3-enynes 
to form aldehyde-allenylruthenium pairs that 
combine to deliver the products of C-C coupling 
as single regioisomers in the absence of stoichi- 
ometric byproducts. In corresponding 2-propanol- 
mediated reductive couplings of aldehydes with 
2-propoxy-substituted enynes, good levels of anti- 
diastereoselectivity are achieved (40). The 2-propoxy 
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group of the product readily eliminates acetone 
upon exposure to aqueous sodium hydroxide to 
reveal the terminal alkyne. More recently, by using 
the chiral ruthenium complex derived in situ from 
(TFA),Ru(CO)(PPhs3). and (R)-BINAP [(R)-(+)-2,2’- 
bis(diphenylphosphino)-1,1'-binaphthyl], the enan- 
tioselective C-C couplings of diverse primary 
alcohols with the commercially available 1,3-enyne, 
TMSC=CC(Me)=CHp, were reported (47). Metals 
other than ruthenium catalyze enyne-carbonyl re- 
ductive coupling. For example, an iridium catalyst 
with (R}SEGPHOS [(R}-5,5-bis(diphenylphosphino)- 
4,4'-bi-1,3-benzodioxole] or (R)-DM-SEGPHOS 
ligands catalyzes highly enantioselective enyne- 
carbonyl reductive coupling from the alcohol or 
aldehyde oxidation level (42). In the latter case, 
formic acid serves as terminal reductant. Last, 
copper complexes recently were found to catalyze 
the silane-mediated reductive coupling of 1,3-enynes 
with diverse ketones with excellent control of syn- 
diastereo- and enantioselectivity (Fig. 8) (43). 


Acrylates, enones, and vinyl azines 


The use of o,,8-unsaturated carbonyl compounds 
as pronucleophiles in reductive couplings with car- 
bonyl compounds is known as the “reductive aldol 
reaction” (44). After seminal studies by Revis and 
Hilty in 1987 on the rhodium-catalyzed reductive 
aldol reaction of acrylates with aldehydes and ke- 
tones mediated by silane (45), numerous processes 
of this type were developed by using different 
metal catalysts. We focus here on enantioselec- 
tive intermolecular reductive aldol reactions (Fig. 
9). Catalytic carbonyl reductive couplings of 
o,8-unsaturated carbonyl compounds that occur 
at the B-position are not covered (46). 

The first enantioselective reductive aldol reac- 
tion was reported by Taylor et al. in 2000 (47). 
This reductive coupling of acrylic esters with 
aldehydes was catalyzed by a rhodium-BINAP 
catalyst by using Et,.MeSiH as the terminal reduc- 
tant. High levels of enantioselectivity were accom- 
panied by modest levels of syn-diastereoselectivity 
(Fig. 9). Mechanistic studies implicate hydrometal- 
ative pathways en route to rhodium enolates. Using 
an Ir(pybox) catalyst, improved syn-diastereo- and 
enantioselectivities were observed; however, induc- 
tively activated aldehydes are required (48). A 
remarkably general Rh(phebox) catalyst for asym- 
metric reductive aldol addition was subsequently 
reported by Nishiyama et al. (49). Uniformly high 
levels of anti-diastereoselectivity and enantiose- 
lectivity were observed across a diverse range of 
substrates, including additions to ketones (50). 
Ketone electrophiles are also accommodated by 
copper catalysts (57). The preceding examples of 
asymmetric reductive aldol coupling pair acry- 
late pronucleophiles with hydrosilane as terminal 
reductant. Vinyl ketones serve as pronucleophiles, 
with rhodium catalysts and Hy as reductant (52). 
Substituting deuterium as the reductant leads to 
transfer of a single deuterium atom to the former 
enone -position, which is consistent with a cat- 
alytic mechanism involving oxidative coupling 
followed by hydrogenolysis of the resulting me- 
talacycle via o-bond metathesis. Hydrometala- 
tive pathways cannot be excluded on the basis of 
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Fig. 9. Enantioselective metal-catalyzed reductive aldol reactions. The structures of indane- 
pybox, phebox, taniaphos, and AbbasPhos-! are provided in the cited references. 
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Fig. 10. Metal-catalyzed reductive coupling of vinyl azines. 


these results; however, reversible hydrometalation-B- 
hydride elimination would be anticipated to dim- 
inish the extent of deuterium incorporation. 

Vinyl azines are isostructural with respect to 
a,B-unsaturated carbonyl compounds and, as 
described in the review literature (53), display 
analogous reactivity. However, their use as pro- 
nucleophiles in catalytic reductive coupling has 
only recently begun to be explored. In 2008, the 
first example of vinyl azine reductive coupling 
to a n-electrophile was achieved via rhodium- 
catalyzed hydrogenation of vinyl azines in the 
presence of imines (Fig. 10) (54). Good levels of 
syn-diastereoselectivity were observed. The Lam 
laboratory subsequently reported a copper-catalyzed 
coupling of vinyl azines to ketone electrophiles 
with good levels of syn-diastereoselectivity and 
excellent enantioselectivity (55). For both pro- 
cesses, optimal results are obtained by using vinyl 
azines in which both positions adjacent to ni- 
trogen are substituted. 


Conclusion and outlook 


Intermolecular catalytic reductive coupling of 
simple linear a-olefins with unactivated carbonyl 
partners remains an important unmet challenge 
in chemical synthesis. For such abundant feed- 
stocks, an additional consideration resides in id- 
entifying terminal reductants that are equally 
inexpensive and minimize or eliminate byproduct 
formation. Hence, byproduct-free processes med- 


iated by elemental hydrogen or transfer hydro- 
genative C-C couplings of alcohol reactants are 
especially attractive. Conversely, processes medi- 
ated by reductants that are pyrophoric (ZnEt, and 
BEts) or those that are costly and mass-intensive 
(R;SiH) can only be viewed as interim solutions. 
Despite the many unrequited challenges, progress 
made in the area of metal-catalyzed reductive 
coupling clearly shows that classical methods 
for carbonyl addition that traditionally have ex- 
ploited stoichiometric organometallic reagents 
may be replaced with catalytic processes that 
bypass premetalated reagents (Fig. 11). It is our 
hope that this Review will inspire and guide 
future research aimed at unlocking carbonyl- 
addition chemistry beyond stoichiometric metals. 


ZnEt, or XMgEt H2C=CH2 
OH OH 
J then H,O AL Me MLn (cat) J 
R R R 


Inexpensive Feedstocks 
Byproduct-Free 


Pyrophoric Reagents 
Stoichiometric Metals 


Fig. 11. A departure from preformed organo- 
metallic reagents in carbonyl addition. 
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INTRODUCTION: Ryanodine receptors (RyRs) 
are intracellular Ca?* channels that control the 
release of Ca?* from the sarco(endo)plasmic 
reticulum. Among the three mammalian RyR 
isoforms, RyR2 is primarily expressed in the 
heart and brain and is activated by Ca”* influx 
by a mechanism known as calcium-induced cal- 
cium release. This Ca”* release is fundamental to 
cellular processes ranging from muscle contrac- 
tion to learning and memory. 

RyRs are the largest known ion channels with 
a molecular mass of > 2 megadalton for a homo- 


Closed 


Luminal view Cytoplasmic view 


Closed 
Open 


tetramer. Each RyR protomer consists of a 
cytoplasmic region of over 4500 residues and 
a carboxyl terminal transmembrane (TM) do- 
main. The four identical TM segments enclose 
a central ion-conducting pore, whereas the cy- 
toplasmic regions serve as a scaffold for in- 
teractions with diverse ligands and protein 
modulators. 

RyR channel gating involves a long-range 
allosteric mechanism. The structures of rabbit 
skeletal muscle RyR1 were determined at 3.8-A 
resolution for the closed state and various lower 


Open 


Cytoplasmic view Luminal view 


Cryogenic EM structures of RyR2 from porcine heart in both the closed and open states at 
near-atomic resolutions. (Top) Representative two-dimensional class averages of electron micro- 
graphs of the closed and open RyR2. (Bottom) The two structures are superimposed relative to the 
transmembrane domain. The blue arrows indicate the overall shifts of the cytoplasmic region from 
the closed state to the open state. SR, sarcoplasmic reticulum. 


SCIENCE sciencemag.org 


resolutions for the potentially open states. 
Elucidating the gating mechanism of RyR re- 
quires structural determination of the open 
states at high resolution. 


RATIONALE: RyR2 harbors more than 150 mu- 
tations associated with cardiac disorders, such 
as catecholaminergic polymorphic ventricular 
tachycardia type 1, idiopathic ventricular fibril- 
lation, and sudden cardiac death. Structural 

elucidation of RyR2 may 
provide the molecular ba- 
Read the full article SiS for understanding dis- 
at http://dx.doi. ease mechanisms and for 
org/10.1126/ the development of po- 
science.aah5324 tential novel therapeutics. 
See A ie eee navé-pulitied cadoections 
RyR2 from porcine heart using glutathione 
S-transferase-fused FKBP12. To obtain the struc- 
ture of RyR2 in the closed state, 5 mM EDTA was 
included throughout purification. To capture 
an open RyR2, the protein was purified in the 
presence of 20 uM Ca”* and the compound 
2,2',3,5',6-pentachlorobiphenyl (PCB95) that can 
stabilize RyR1 in the open state. 


RESULTS: The electron microscopy (EM) maps 
for RyR2 were reconstructed to 4.4- and 4.2-A 
resolutions for the closed and open states, re- 
spectively. Compared to the structure of RyR1, a 
number of armadillo repeats in the C terminus 
of the helical domain 2 were invisible in RyR2, 
likely due to intrinsic flexibility. At 20 uM Ca?*, 
the cytoplasmic gate in the closed structure is 
dilated by approximately 8 A, resulting in the 
shift of the constriction site from [le4868 to 
Gln4864. The four Gin4864 residues enclose a 
gate with a diameter of approximately 4 A, al- 
lowing Ca?* passage in a single file. 


CONCLUSION: Structure comparison of the 
open and closed RyR2 shows little intradomain 
rearrangement of the armadillo-containing cy- 
toplasmic domains including the amino termi- 
nal domain, the Handle domain, and the Helical 
domain. Relative shifts between these domains 
result in the breathing motion of the periphery 
of the cytoplasmic canopy and the rotation of 
the Central domain. The horseshoe-shaped 
Central domain, with its convex side inter- 
acting with the three armadillo domains and 
its concave side wrapping around the cyto- 
plasmic O-ring of the channel domain, serves 
as the primary transducer that integrates and 
translates the conformational changes of the 
cytoplasmic domains to channel gating. How- 
ever, the mechanism of Ca”* sensing and acti- 
vation of RyR2 remains to be elucidated. = 
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RyR2 is a high-conductance intracellular calcium (Ca2*) channel that controls the release 
of Ca** from the sarco(endo)plasmic reticulum of a variety of cells. Here, we report the 
structures of RyR2 from porcine heart in both the open and closed states at near-atomic 
resolutions determined using single-particle electron cryomicroscopy. Structural 
comparison reveals a breathing motion of the overall cytoplasmic region resulted from 
the interdomain movements of amino-terminal domains (NTDs), Helical domains, and 
Handle domains, whereas almost no intradomain shifts are observed in these armadillo 
repeats—containing domains. Outward rotations of the Central domains, which integrate 
the conformational changes of the cytoplasmic region, lead to the dilation of the 
cytoplasmic gate through coupled motions. Our structural and mutational characterizations 
provide important insights into the gating and disease mechanism of RyRs. 


yanodine receptors (RyRs) are intracellular 
ion channels responsible for the rapid release 
of calcium (Ca”") ions from the sarcoplasmic/ 
endoplasmic reticulum (SR/ER) into the cyto- 
plasm, a key event in excitation-contraction 
coupling in skeletal and cardiac muscles (J-5). 
Among the three mammalian RyR isoforms, RyR2 
is primarily expressed in the heart and brain and 
is activated by Ca?* influx through a mechanism 
known as calcium-induced calcium release (CICR) 
(6-10). The RyR2-mediated Ca?* release is funda- 
mental to a number of cellular processes ranging 
from muscle contraction to learning and memory 
(11, 12). Mutations in RyR2 are associated with car- 
diac disorders, such as catecholaminergic polymor- 
phic ventricular tachycardia type 1 (CPVT1) and 
idiopathic ventricular fibrillation (IVF) (13-17). 
Owing to their physiological and pathological 
importance, RyRs represent important targets for 
structural investigation. Electron microscopy (EM) 
has been the primary tool for structural elucida- 
tion of RyRs. The architecture and details of RyR1 
have been gradually unveiled by EM analysis with 
increasing resolutions from below 20 to 3.8 A 
(18-26). The near-atomic resolution structure of 
RyR1, which was captured in a closed state, revealed 
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a hierarchical organization of the 2.2-megadalton 
tetrameric channel (26). Nine domains were re- 
solved in the cytoplasmic region in each protomer, 
including four armadillo repeats-containing do- 
mains, the amino terminal domain (NTD), the 
Handle domain, the Helical domain, and the Cen- 
tral domain, three intertwined SPRY domains 
(the structural domains identified in SplA and 
RyRs), and two RyR domains designated P1 and 
P2 domains (Fig. 1A) (26). The armadillo repeats 
in the NTD, the Handle domain, and the Central 
domain together constitute a superhelical as- 
sembly in each protomer, which extensively inter- 
acts with the other super spiral formed by the 
Helical domain. In essence, the scaffold of the 
cytoplasmic domain is established by eight inter- 
connected superhelical assemblies. Classification 
of the closed RyR1 structures (24, 25) and the 
potentially open RyR1 structures at low resolu- 
tions (25, 27, 28) revealed thermal or “breathing” 
motions of this cytoplasmic canopy. 

In side views, the NTDs, the Central domains, 
and the channel domain build up a central tower 
(26). The tetrameric channel domain contains a 
transmembrane region of the characteristic voltage- 
gated ion channel superfamily fold and an extended 
cytoplasmic O-ring in each protomer consisting of 
the elongated S6 segments (S6c,,), the zinc finger- 
containing carboxyl terminal domain (CTD), and 
a small globular cytoplasmic domain between S2 
and S3 in the voltage sensor-like (VSL) domain, 
which we refer to as the VSLcy, domain hereafter. 
The Central domain contains a unique U-motif 
that hooks into the O-ring, whereas the concave 
face of the armadillo repeats in the Central do- 
main wraps around the O-ring. We proposed that 
the Central domain may represent the primary 
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transducer that integrates and translates the con- 
formational changes of the cytoplasmic sensors 
induced by a variety of stimuli to the gating of the 
central pore (26, 27). 

Notwithstanding these exciting advances in 
the structural and mechanistic understanding of 
RyRI1, a high-resolution structure in the open state 
is necessitated to reveal the molecular basis for 
the long-range allosteric gating mechanism. Fur- 
thermore, high-resolution structures of RyR2 are 
also required to better understand the mechanism 
and to develop novel therapeutics for the treatment 
of RyR2-associated diseases. Here, we report the 
cryogenic EM (cryo-EM) structures of porcine 
RyR2 (pRyR2) in both the open and closed states. 
Structural comparison and structure-guided mu- 
tational analysis provide important insights into 
the gating and disease mechanism of RyRs. 


Structure determination of RyR2 


Following the successful strategy for the purifi- 
cation of RyR1 and Ca,1.1 complex from rabbit 
skeletal muscles (26, 29, 30), we used glutathione 
S-transferase (GST)-fused FKBP12 to purify RyR2 
from porcine heart. Please refer to the supplemen- 
tary materials for details of protein purification 
and cryosample preparation (fig. S1). 

To obtain the structure of RyR2 in the closed 
state, 5 mM EDTA was included throughout puri- 
fication. To capture an open RyR2, 20 WM Ca?* 
was included throughout the purification (23, 31). 
It was reported that the compound 2,2’,3,5',6- 
pentachlorobiphenyl (PCB 95) stabilized RyR1 
in the open state and increased [?H]ryanodine 
binding to both RyR1 and RyR2 (23, 32, 33); we 
also added PCB 95. Despite the addition of excess 
GST-FKBP12 before size exclusion chromatography 
(SEC), the complex of GST-FKBP12 and RyR2 fell 
apart during SEC purification, indicating a weaker 
association of FKBP12 with RyR2 than with RyR1 
(fig. S1, A and B). 

The structures of RyR2 were determined at 
overall resolutions of 4.4 A for the closed state 
and 4.2 A for the open state (Fig. 1B, table SI, and 
figs. Sl and S2). Consistent with their 70% se- 
quence similarity, the overall architecture and 
domain organization of RyR2 are identical to those 
of RyR1 (26) (Fig. 1, A and B, and fig. S4). As ex- 
pected, no density was observed for FKBP12. In 
addition, a number of armadillo repeats in the 
C terminus of the Helical domain 2 (HD2) were in- 
visible, likely due to intrinsic flexibility in the ab- 
sence of FKBP12 (Fig. 1, C and D, and fig. Si, G and H). 


Dilation of the S6 bundle leads to 
channel opening 


In the presence of 20 uM Ca?* and PCB 95, the 
dilation of the central pore was evident even during 
two-dimensional (2D) class average compared with 
the images obtained in the presence of 5 mM 
EDTA (Fig. 2A). When the pore domains of the two 
structures are superimposed, the conformation of 
structural elements on the luminal side, including 
the selectivity filter (SF), the pore helices, and the 
supporting helices on S5 and S6 (the turret, res- 
idues 4790 to 4840), remains nearly unchanged 
(Fig. 2B). The deviation occurs at residue Phe4854, 
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Fig. 1. The cryo-EM structure of RyR2 from porcine heart (pRyR2) in a 
closed state. (A) Domain organization of a pRyR2 protomer. The domain 
boundaries are indicated, with the reliably assigned boundaries labeled red. 
(B) The overall structure of the closed pRyR2 at a nominal resolution of 4.2 A. 
The tetrameric structure of pRyR2 is domain-colored with the same scheme as 
in (A). (C) Comparison of the EM maps (low-pass filtered to 6-A resolution) of 
pRyR2 and rRyR1 (rabbit RyR1). The FKBP12 and the carboxyl terminal half of the 
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HD2 domain, shown in magenta, were resolved in rRyR1 but are invisible in 
pRykR2. (D) Structural comparison of pRyR2 (yellow) with rRyR1. The structures 
of rRyR1 (PDB code: 3J8H) and pRyR2 are superimposed relative to the channel 
domain. All structure figures were prepared with PyMol (60), and the EM maps 
were generated in Chimera (61). Single-letter abbreviations for the amino acid res- 
idues are as follows: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His; |, lle; K, Lys; L, 
Leu; M, Met; N, Asn; P, Pro; Q, Gln; R, Arg: S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr. 


beyond which the four S6 segments tilt outward, 
resulting in the dilation of the intracellular gate 
by ~8 A (Fig. 2B and Movie 1). Consequently, the 
pore constriction site is shifted from Ile4868 in 
the closed RyR2 to Gln4864 in the open structure. 
The four GlIn4864 residues enclose a gate with a 
diameter of ~4 A, allowing passage of Ca?* ions 


aah5324-2 


21 OCTOBER 2016 * VOL 354 ISSUE 6310 


in single file (Fig. 2, C to E). Therefore, the new 
structure obtained in the presence of 20 uM Ca?* 
and PCB95 (2,2’,3,5',6-pentachlorobiphenyl) rep- 
resents an open conformation. Consistent with 
its critical location in the conduction pathway, 
mutating Gln4864 markedly or completely abol- 
ished channel activation by caffeine (fig. S5). 


Internal stability and interdomain shifts 
of cytoplasmic domains 

Determination of the pRyR2 structure in both the 
closed and open states offers the opportunity to 
characterize the structural elements responsible 
for the unique long-range allosteric gating mech- 
anism of RyRs. When the two structures are 
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Fig. 2. Structural comparison of the open and closed RyR2. (A) Repre- 
sentative 2D class averages of cryo-EM images of the closed and open RyR2. 
Note the marked difference of the central pore. (B) Conformational changes 
of the S6 bundle of the channel domain in the open and closed RyR2 struc- 
tures. The two structures are superimposed relative to the selectivity filter and 
its supporting turrets (residues 4790 to 4840). In this figure, the SR luminal 
side is placed on top, opposite to the presentations in other figures. (©) Pore 
radii of RyR2 in the open and closed states. (Left) The pore radii along the 
ion-conducting pathway, calculated by HOLE (62), are tabulated. The position 
of the S4-S5 helical axis is set as the origin of the y axis. Whereas lle4868 in 
each protomer constitutes the intracellular gate in the closed RyR2, the 
constriction site is formed by Gln4864 in the open structure. The corres- 
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ponding residue numbers in human RyR2 (hRyR2) are shown in brackets. The 
same applies to other figures. (Right) The channel passage is indicated by 
yellow (closed) and cyan (open) dots in the center of two diagonal protomers 
in each channel. (D) The dilation of the intracellular gate in the open RyR2. 
Shown here is the cytoplasmic view of the intracellular gate. The constriction 
residues in the closed and open states, lle4868 and GIn4864, respectively, 
are shown as spheres and colored yellow in the closed and green in the open 
structures. (E) In the open pRyR2 structure, GIn4864 residues form the con- 
striction site that allows passage of Ca** ion. Shown here are the cytoplasmic 
views of the pore domain. The surface electrostatic potential is calculated in 
PyMol. Please refer to fig. S3B for the EM maps of the discussed structural 
elements and fig. S5 for mutational characterizations of GlIn4864. 


superimposed relative to the channel domain, 
the overall structure undergoes intricate shifts 
(Fig. 3A, fig. S6, and Movie 1). 

In the cytoplasmic region, the resolution of the 
peripheral structures, such as the three SPRY 


SCIENCE sciencemag.org 


domains and P1 and P2 domains, is insufficient 
for detailed analysis, whereas the secondary struc- 
tural elements of other domains are well-resolved. 
The NTD, the Handle domain, and the HD1 do- 
main exhibit nearly no intradomain rearrange- 
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ments between the closed and open RyR2 struc- 
tures when compared individually (Fig. 3B). There- 
fore, the overall motion of the cytoplasmic region 
may result from domain-wise displacement and 
relative shifts between domains. 
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Fig. 3. Structural shifts of the cytoplasmic domains between the closed 
and open RyR2. (A) Overall conformational changes between the open and 
closed RyR2. The two structures are superimposed relative to the channel 
domain. The cyan arrows indicate the overall shifts of the cytoplasmic domains 
from the closed to the open state. (B) Almost no intradomain rearrangements 
of the NTD, the Handle domain, and the HD1 between the open and closed 
RyR2. The domains in the open RyR2 are colored the same as in Fig. 1B, 


Beals § 
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whereas those in the closed structure are colored yellow. (C) The motions of 
NTD and HDI relative to the Handle domain. The structures are superimposed 
relative to the Handle domain. The arrows indicate the motion directions of 
NTD and HD1. (D) Movement of NTDs within the same protomer and from 
the neighboring protomer relative to HD1. The structures are superimposed 
against HD1. Please refer to Movie 1 for the morph illustrating the conforma- 
tional changes between the open and closed RyR2. 


It has been previously analyzed in detail that 
each interface in the cytoplasmic region gener- 
ally involves more than two domains (26). Such 
clustered interactions may be important for the 
coupled conformational changes among domains. 
From the closed to open state, the periphery of the 
cytoplasmic canopy constituted by the Helical 
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domains, the SPRY domains, and the P1 and P2 
domains undergoes a combination of downward 
rocking toward the SR lumen and clockwise ro- 
tation when viewed from the cytoplasmic side. 
On the contrary, the inner circle enclosed by the 
NTDs appears to rotate upward and counter- 
clockwise (Fig. 3C; fig. S6, A and B; and Movie 1). 


The opposing motion directions between the outer 
and inner rings are in a sense achieved by twisting 
the two ends of the helical assembly formed by 
the NTD, Handle domain, and Helical domain in 
each protomer (Fig. 3C and Movie 1). 

One HD1 domain simultaneously interacts with 
two NTDs from neighboring protomers (Fig. 3D). 
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Movie 1. Conformational changes of RyR2 between the closed and open states. The morph was 
generated using the cryo-EM structures of the closed and open pRyR2. The structure is domain-colored as 
in Fig. 1B. To generate the morph, the two structures were superimposed in PyMol relative to the channel 
domain. Forty intermediates were then generated using the crystallography and NMR system (63). The 
morphs were merged and displayed in PyMol using the “mset” command. The same was applied to 
Movies 2 to 4 and movies S1 to S4. Specific views are shown in each movie. In the side views, the luminal 
side is placed at the bottom. 


Handle domain 


Fig. 4. Intra- and interdomain shifts of the Central domain. All the structural comparisons in this 
figure are made relative to the Central domain. (A) Intradomain shifts of the Central domain. The 
backbone of the horseshoe-shaped armadillo repeats within the Central domain remains nearly 
unchanged, whereas the edges exemplified by the U-motif and a4 helix fold toward the concave side. 
(B) The conformational changes of NTD and the Handle domain relative to the Central domain. (C) The 
shifts of the Handle and HD1 domains relative to the Central domain. (D) The motions of the NTDs from 
two adjacent protomers and the Handle domain within the same protomer relative to the Central do- 
main. Please refer to Movie 2 and movies S1 to S3 for the morphs illustrating the conformational changes 
and relative displacement of domains described in this figure when the structures are compared relative 
to the channel domain. 


The four NTDs and four HD1 domains also com- 
plete a closed ring. In the cytoplasmic view, the 
combined relative motions of NTDs and HD1s 
result in contraction and expansion of the ring 
accompanying pore closure and opening, respec- 
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tively (Fig. 3D; fig. S6, A and B; and Movie 1). 
Despite the pronounced overall structural shifts, 
there are only minor relative motions between 
the NTD, Handle domain, and HD1 when the do- 
mains are compared pairwise (Fig. 3, C and D). 
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The major structural rearrangements occur at 
the interface between these domains and the 
Central domain. 


Twisting of the Central domain 


When the structures of the Central domain in the 
closed and open RyR2 are superimposed, the 
backbone of the armadillo repeats remains nearly 
unchanged. The auxiliary motifs, including the 
preceding helix «0, a capping helix o4: that is lo- 
cated on top of the concave face of the armadillo 
repeats, and the U-motif on the C-terminal end, 
slightly fold toward the center of the concave 
surface (Fig. 4A). 

Whereas the concave surface of the Central 
domain wraps up the cytoplasmic O-ring of the 
channel domain, the two edges of the convex side 
contact two neighboring NTDs and one Helical 
domain, respectively. In addition, despite the dis- 
tance in the primary sequence, the N-terminal 
helical repeats of the Central domain appear to be 
the continuation of the C-terminal repeats of the 
Handle domain in the 3D structure, and the flank- 
ing a0 helix is sandwiched by two helices in the 
Handle domain. 

When the structures are superimposed relative 
to the Central domain, the consecutive helical re- 
peats of the NTD and the Handle domain appear 
to rock around the interface between the Handle 
domain and the Central domain. Consequently, 
the NTD, which is on the distal end, undergoes a 
larger degree rotation (Fig. 4B and movie S1). 
Importantly, there are only insignificant changes 
of the interface between HD1 and Central domain, 
suggesting coupled motions of these domains 
during channel opening (Fig. 4C and movie S2). 
This observation implicates that structural shifts 
of the Helical domain may directly induce the 
concordant movement of the Central domain. 

In the context of the RyR2 tetramer, the Central 
domain appears to slightly swirl around an axis 
encompassed by its horseshoe-shaped armadillo 
repeats. The clockwise screw of the Central do- 
main in the cytoplasmic view, which is concordant 
with the clockwise rotation of the Helical domain, 
synchronizes with the expansion of the central 
tower consisting of the channel domain, the Cen- 
tral domain, and the NTD during channel opening 
(Movies 1 and 2). Meanwhile, the interface between 
the Central domain and the two neighboring 
NTDs undergoes marked rearrangements (Fig. 4D 
and movie S3). 


Coupled changes between the Central 
domain and channel domain 


The swirl of each Central domain results in the 
outward motion of the S6c,; segments through 
intricate interactions between the channel domain 
and the Central domain (Fig. 5A and Movie 3). 
The U-motif of the Central domain hooks into the 
cytoplasmic O-ring of the channel domain. Con- 
sistent with their extensive interactions, there is 
no relative motion between the U-motif and the 
CTD. The displacement of the U-motif thus leads 
to coupled outward shifts of the CTD and its 
preceding S6c,; (Fig. 5B and Movie 3). Accom- 
panying this dilation, the central pore axis is 
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shortened by approximately 3 A in the open RyR2 
(Fig. 5A). 

There is a minor relative movement between 
VSLey and CTD, whereas the backbone of VSL 
remains rigid during channel opening (Fig. 5, B 
and C). In addition to the contacts between VSLcyt 
and the U-motif, the cytoplasmic tip of VSL may 
contact the EF-hand motif of the neighboring 
Central domain in the closed structure. This in- 
teraction no longer exists in the open structure 
(movie S4). In the closed RyR1 and RyR2 struc- 
tures, the $4-S5 linker constrains the cytoplasmic 
gate formed by the S6 tetrahelical bundle at the 
boundary between the SR membrane and cyto- 
plasm, reinforcing the closure of the channel 
(26). In the open RyR2, the S4-S5 linker moves 
closer to the VSL domain, resulting in an expan- 
sion of the S4-S5 ring that releases the constric- 
tion to the cytoplasmic gate (Fig. 5, B and C). We 
predicted that interactions among the four CTDs 
may facilitate closure of the S6 bundle (26). Indeed, 
the adjacent CTDs no longer interact with each 
other in the open RyR2, whereas the U-motif from 
the neighboring Central domain still contacts the 
CTD (Fig. 5D and movie S4). 

The concerted movements of U-motif, CTD, and 
S6c,; Segment requires the rigidity of CTD, which 
is provided by the zinc finger motif at the joint 
between CTD and S6 segment (26). Supporting 
this notion, single point mutations of the zinc- 
coordinating residues, C4888H, C4891H, and 
H4908C, all abolished the response of RyR2 to 
caffeine activation (Fig. 5E and fig. S7). Only 
H4918C retains the sensitivity to caffeine as wild 
type (WT), suggesting that the 4913 position is 
relatively more adaptable than other positions 
in coordinating Zn binding in the CTD (the cor- 
responding residue numbers in human RyR2 are 
labeled and referred to in all functional assay- 
related figures and texts). 


Discussion 


The recently reported 3.8-A-resolution cryo-EM 
structure of RyR1-FKBP12 complex in the closed 
state revealed domain organization and atomic 
details of the largest ion channels (26). Compari- 
son of the near-atomic-resolution structures of 
the open and closed RyR2 presented here identifies 
the Central domain as the primary transducer of 
conformational changes that controls the opening 
and closure of the channel domain, confirming 
our previous conjecture (26, 27). The Central do- 
main is surrounded by a second tier of transmit- 
ters, including NTDs and the Handle and Helical 
domains, which provide a scaffold for interac- 
tions with a multitude of peripheral domains and 
channel modulators. The Central domains undergo 
both intradomain contraction and domain-wise 
rotation that collectively result in the outward tilt- 
ing of the pore-forming S6 segments through ex- 
tensive interactions between the Central domain 
and channel domain, primarily through the U- 
motif and the CTD. Consistent with the pivotal 
role of the Central domain in channel gating, a 
single point mutation E3987A in mouse RyR2 or 
E3885A in rabbit RyR3, located within the Central 
domain, reduced the sensitivity of single RyR chan- 
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nels to cytosolic Ca?" activation by a factor of 1000 
to 10,000 (34, 35). However, deleting the entire 
EF-hand motif in the Central domain does not 
affect cytosolic Ca”* activation of single RyR2 
channels, suggesting that the EF-hand is unlikely 
to be the cytosolic Ca?* sensor (36). Detailed under- 
standing of the role of the Central domain in cy- 
tosolic Ca?* activation of RyR2 will have to await 
atomic-resolution structures of RyRs, which may 
unveil the binding sites for Ca?”. 

One unexpected feature is the little intradomain 
shifts of the armadillo repeats-containing domains. 
The VSL domain also remains rigid during channel 
opening. Furthermore, the U-motif of the Central 
domain and the CTD form a stable structural unit 
that has literally no internal rearrangement during 
pore opening. In a sense, these rigid domains rep- 
resent individual modules, whereas the Central 
domain is a relatively flexible joint. The overall 
conformational changes are achieved through the 
relative motions between these modules. This anal- 
ysis predicts that some ligands and modulators 
may target interfaces of these modules to induce 
conformational changes, a scenario that awaits fur- 
ther structural and biochemical characterizations. 

Mutations in human RyR2 are associated with 
a range of debilitating diseases such as CPVT1, 
IVF, and sudden cardiac death (15, 17). More than 
100 disease-associated missense mutations and 
deletions can be mapped onto all major domains 
in the structure of RyR2 (fig. S8A). Mutations that 
are located on the surface may disrupt interactions 
between RyR and its modulators (fig. S8A). The 
HDI, the Central domain, and the channel domain 
represent major disease hot spots in addition to 
NTD (5, 26, 37) (fig. S8, A and B). Supporting the 
importance of interactions among domains, one 
type of mutations and deletions clusters at do- 
main interfaces. These mutations may alter the 
ability of RyRs to sense chemicals/modulators 
or to propagate conformational changes that are 
required for ion channel regulation and gating 
(fig. S8, C to F). 

On the other hand, the coupled motion of the 
Helical domain and Central domain suggests that 
shifts of the Helical domain may be directly trans- 
lated to the structural changes of the Central 
domain (movie S2). As the Helical domains are 
positioned on the edge of the cytoplasmic canopy 
and contact multiple peripheral domains (Fig. 1B), 
conformational changes of the Helical domains 
can be achieved through mechanical forces exert- 
ed by the upstream Ca,1.1 complex or the neigh- 
boring RyR molecules, as in the case of RyR1 
(38-43). This analysis provides a clue to under- 
standing the molecular basis for excitation- 
contraction coupling in skeletal muscles. 

The S6c,; segment contains a large number of 
negatively charged or polar residues (Glu, Asp, and 
Gln) and one positively charged residue (R4875) 
(Fig. 6A). Mutational studies suggested that mouse 
RyR2-R4874 may form intersubunit salt bridges 
with D4868 and E4872 (Fig. 6B) (44). Mutating 
these key residues dramatically diminished the 
activation of RyR2 by caffeine (Fig. 6C and fig. SOA). 
It has recently been shown that the E4872A muta- 
tion selectively and completely abolishes luminal, 


Movie 2. Conformational changes of the “cen- 
tral tower” between the open and closed RyR2. 
The rotations of the Central domains are evident in 
the luminal view. 


Movie 3. Conformational changes of the chan- 
nel domain and the Central domain during pore 
opening. For visual clarity, only two diagonal pro- 
tomers are shown. 


Movie 4. Potential rearrangement of interac- 
tions between the S6cy; residues from adjacent 
protomers. The resolutions do not allow accurate 
assignment of the side chains of negatively charged 
residues. These side groups are modeled to facil- 
itate discussion of the potential rearrangement of 
the interactions during pore opening. It remains to 
be elucidated whether Ca** ions play a role in the re- 
arrangement of the interactions among the charged 
and polar residues in the S6cy segment. 
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Fig. 5. The carboxyl terminal domain (CTD) couples the conformational 
changes of the Central domain and channel domain of RyR2. (A) The ro- 
tations of individual Central domains pull the S6cy; segments outward through 
the interactions between the U-motif and CTD. (B) The helical hairpin in the 
U-motif of the Central domain forms a stable structural unit with the CTD. The 
structures are superimposed relative to CTD. (C) The VSL domain remains almost 
rigid during pore opening. The superimposition of the VSL domain of the open and 
closed structures shows little intradomain rearrangement, whereas the S4-S5 
linker undergoes lateral shifts that relax the constriction to the S6 bundle at the 
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cytoplasmic gate in the closed RyR. (D) The outward expansion of the CTDs and 
U-motifs accompanies rearrangements of the interactions between adjacent 
CTDs and between CTD and the U-motif from a neighboring protomer. (E) The 
integrity of the zinc finger in CTD is essential for RyR2 function. Mutations 
C4888H, C4891H, and H4908C completely abolish the activation of RyR2 by caf- 
feine, whereas the H4913C mutant remains sensitive to caffeine activation (residue 
numbering of human and mouse RyR2). See fig. S7 for details of the mutational 
analysis and Movie 3 and movie S4 for the conformational changes discussed in 
this figure when the structures are compared relative to the channel domain. 


but not cytosolic, Ca?* activation of mouse RyR2. 
Further, introducing metal binding His resi- 
dues at this site converts RyR2 from a luminal 
Ca?*-gated channel to a luminal Ni?*-gated chan- 
nel (44). These data strongly suggest that a S6cy, 
region encompassing the E4872 residue contains 
a cation binding pocket that may contribute to 
RyR2 activation by luminal Ca?*. However, the 
composition of this putative cation binding pocket 
is unknown. Despite the fact that the densities for 
the negatively charged residues are invisible in the 
cryo-EM structures, those of the backbones and of 
the side chain of R4875 in pRyR2 (corresponding to 
R4874 in human and mouse RyR2) are discern- 
ible. Structural comparison of the closed and open 
states reveals that residue R4874 moves away from 
E4872, while E4878 may move close to E4872 in 
the open state (these residue numbers correspond- 
ing to those in mouse and human RyR2) (Fig. 6B). 
This suggests that, in addition to E4872, E4878 
may also be involved in luminal Ca?* activation 
of RyR2. Indeed, mutating mouse RyR2-E4878 
markedly reduced luminal Ca”* activation of RyR2 
(Fig. 6D and fig. S9B). Atomic resolution structures 
of RyR2 in the presence of high concentrations of 
Ca?* will be required to understand the structural 
basis of luminal Ca?* activation of RyR2. 
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A number of questions remain to be inves- 
tigated. The structure of the open pRyR2 was 
obtained in the presence of Ca?* and PCB 95. 
However, no densities were identified for these 
ligands in the reconstruction. The bottleneck in 
the improvement of resolution in part resides in 
the flexibility of the protein, particularly in the 
absence of FKBP12 or FKBP12.6. Comparison of 
RyR1 and RyR2 suggests highly conserved sequences 
of the structural elements involved in interactions 
with FKBP12 in the NTD, SPRY1, and Handle do- 
mains (fig. S10) (26, 45-47). Therefore, the basis 
underlying the markedly different affinities of 
FKBP12 binding to RyR1 and RyR2 remains to be 
determined (48, 49). 


Materials and methods 
Expression and purification of 
GST-FKBP12 and GST-FKBP12.6 


Both FKBP12 and FKBP12.6 can bind to RyR2, but 
the two isoforms show distinct binding affinities, 
particularly to the dog RyR2 (48). As the sequence 
of porcine FKBP12 or FKBP12.6 is not available 
in public domain, we used human FKBP12 and 
FKBP12.6 for affinity purification of pRyR2 based 
on the previous protocol for purification of rabbit 
RyR1 (rRyRJ) (26). The cDNAs encoding human 


FKBP12/12.6 were cloned into pGEX-4T-2 vector 
with a C-terminal 6xHis tag. The plasmids were 
transformed into BL21 (DE3) strain for protein 
overexpression. When ODg¢go reached 1.0, the tem- 
perature was adjusted to 16°C, and 0.2 mM IPTG 
was added for induction overnight. Cells collected 
by centrifugation were resuspended in lysis buffer 
solution (25 mM Tris-HCl, pH 8.0, and 150 mM 
NaCl). After removal of cell debris by centrifuga- 
tion at 22,000 g for 1 hour, the supernatant was 
loaded to Ni?*-NTA resin (Qiagen). Sequentially 
washed by the W1 buffer containing 25 mM Tris- 
HCl, pH 8.0 and 300 mM NaCl, and W2 buffer 
containing 25 mM Tris-HCl, pH 8.0 and 20 mM 
imidazole, the target protein was eluted by the 
buffer containing 25 mM Tris-HCl, pH 8.0 and 
300 mM imidazole. Anion exchange chromatogra- 
phy (SOURCE 15Q, GE Healthcare) was performed 
for further purification. As GST-FKBP12 appeared 
to have a better solution behavior, we used the GST- 
FKBP12-His protein as bait to pull-down pRyR2. 


Preparation of sarcoplasmic reticulum 
membrane from porcine heart 


Asingle porcine heart was diced into small pieces, 
and resuspended in five volumes of homogeniza- 
tion buffer containing 25 mM Tris, pH 7.5, 150 mM 
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I Cytoplasm 


Fig. 6. The putative luminal Ca2* activation sites. (A) The S6cyt Segments 
are enriched in charged and polar residues. The densities for the side groups of 
the negatively charged residues are largely invisible due to radiation damage. 
They are modeled in this figure to facilitate discussion. (B) Potential rearrange- 
ment of interactions between two neighboring Soy; helices in the open and closed 
pRyR2 structures. The putative hydrogen bonds are represented by red dotted 
lines. (C) Ca** release—cumulative caffeine concentration relationships. The ampli- 


NaCl, 5 mM EDTA, and the protease inhibitor 
cocktail (0.2 mM PMSF, 1.3 ug/ml aprotinin, 
0.7 g/ml pepstatin, and 5 ug/ml leupeptin). Fifteen 
cycles of homogenization were performed with a 
blender (JYL-C010, Joyoung). The debris was re- 
moved by low-speed centrifugation (6000 g) for 
6 min. The supernatant was then centrifuged 
at high speed (20,000 g) for 1 hour. The pellet 
was resuspended in two volumes of homogeniza- 
tion solution and flash frozen in liquid nitrogen. 


Purification of pRyR2 by GST-FKBP12 


The pRyR2 was purified following the same strat- 
egy for the purification of rabbit RyR1 (26) and 
the Ca,1.1 complex (29). The porcine sarcoplasmic 
reticulum membrane (1/4 of total membrane from 
a single heart) was solubilized at 4°C for 2 hours 
in the homogenization buffer (mentioned above) 
plus 4% CHAPS, 1% soybean lecithin, and 2 mM 
DTT. Approximately 3-4 mg of GST-FKBP12 was 
added to the extraction system. After ultrahigh 
speed centrifugation (200,000 g), the supernatant 
was applied to GS4B (GE Healthcare) column. To 
obtain pRyR2 in closed state, the resin was washed 
with buffer similar to the homogenization buffer, 
except that the NaCl concentration was changed 
to1M, and 2 mM DTT and 0.1% Digitonin were 
supplemented. The complex was eluted by ’75 mM 
Tris-HCl, pH 8.0, 150 mM NaCl, 10 mM GSH, 0.1% 
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Digitonin, 2mM DTT, 5 mM EDTA, and protease 
inhibitors. The eluted protein was concentrated 
before size exclusion chromatography (SEC, Super- 
ose 6 10/300 GL, GE Healthcare) in the buffer con- 
taining 25 mM Tris, pH 7.5, 300 mM NaCl, 0.1% 
Digitonin, 2mM DTT, 5 mM EDTA, and protease 
inhibitors. The pRyR2 fractions were concen- 
trated to approximately 0.1 mg/ml for EM sample 
preparation. 

To capture pRyR2 in an open state, a similar 
protocol was used, except that EDTA was omitted. 
Instead, 20 uM CaCly and 20 uM PCB 95 were 
supplemented to GS4B eluent. After SEC, addi- 
tional 10 pM PCB 95 was added before concen- 
trating the pRyR2 fractions. 


Cryo-EM image collection 


Cryo-EM grids were prepared using Vitrobot Mark 
IV (FED. Aliquots (3 pl each) of pRyR2 protein 
were placed on glow-discharged copper grids cov- 
ered with continuous carbon film (Zhongjingkeyi 
Technology Co. Ltd.). Grids were immediately blot- 
ted for 1.5 s and flash-frozen in liquid ethane. Cryo- 
EM images were acquired with a Titan Krios (FEI) 
operated at 300 kV. FEI Falcon-II direct electron 
detector was mounted and the pixel size was 105 A 
at a nominal magnification of 75,000. Defocus value 
varied from -1.5 to -3.0 um. Each image was dose- 
fractionated to 19 frames with a total electron 


R4874A 
E4878A 


0.1 1 10 
Cumulative caffeine concentration (mM) 


e@ WT 
© E4878A 


7 6 5 4 3 2 1 
Luminal Ca2* (pCa) 


tude of caffeine-induced Ca** release at each caffeine concentration was normal- 
ized to that of the maximum release for each experiment. Data shown are mean + 
SEM (n= 3 separate experiments). (D) Single point mutation E4878A (correspond- 
ing to E4879 in pRyR2) leads to decreased sensitivity to luminal Ca?* activation. 
The relationships between the open probability (Po) and luminal Ca** concen- 
trations (pCa) of single RyR2-WT (solid circles) and E4878A mutant channels 
(open circles) are shown. Data points shown are mean + SEM from 5 to 7 channels. 


dose of 44: e/A? for a total exposure time of 1.2 s. 
EPU package (FEI) and AutoEMation package 
(50) upgraded recently were used for automated 
data collection. 


Image processing 


Frames of each image were aligned and summed 
using whole-image motion correction program 
MotionCorr (57). CTFFIND3 was adopted to cal- 
culate the contrast transfer function parameters 
(52). Particles were auto-picked by RELION1.4 
and rechecked manually (53). Two- and three- 
dimensional classifications and refinements were 
all performed using RELION1.4 (53). In total, 213,595 
particles from 4,439 micrographs were selected for 
the closed pRyR2. After 2D and 3D classification 
with Cl symmetry, 91,076 particles were selected 
for refinement with RyR1 (EMD accession num- 
ber 2807) (26) as initial model. Combined with local 
angular search, a second round of 3D classifica- 
tion with C4 symmetry was performed using 
generated pRyR2 model from the prior refine- 
ment. 48,454 particles were finally chosen for re- 
finement, which gave rise to an electron density 
map of 4.4 A according to the gold-standard Fou- 
rier shell correlation (FSC) 0.143 criterion. A local 
mask of channel domain improved the resolution 
to 4.2 A. Local resolution was estimated using 
ResMap (54). 
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With regard to the reconstruction of open 
pRyR2, 589,270 particles were picked from 9662 
micrographs. Subsequent procedures were sim- 
ilar to those described above, and 133,196 particles 
were used for final refinement. The calculated 
resolution is 4.5 A and 4.3 A (with a local mask of 
channel domain). Particle polishing was performed 
for particle based beam-induced motion correc- 
tion and radiation-damage weighing. Subsequent 
refinement using the polished particles further 
improved the resolution of 3D reconstruction to 
4.2 A and 4.1 A (with a local mask of channel do- 
main). Please refer to fig. S2 for the workflow of 
image processing. 


Model building and structure refinement 


Sequence alignment was done at www.ebi.ac.uk/ 
Tools/msa/clustalo. The output file was then fur- 
ther processed at http://espript.ibcp.fr/ESPript/ 
cgi-bin/ESPript.cgi (55). The structure of RyR1 
(PDB code 3J8H) (26) was used for homologous 
model building of the closed pRyR2 and manu- 
ally adjusted in COOT (56). The open pRyR2 was 
built based on the structure of closed pRyR2. 
Structure refinement was performed using PHE- 
NIX (57) in real space with secondary structure 
and geometry restrained. 


Caffeine-induced Ca** release in 
HEK293 cells 


Mouse RyR2 cDNA was used for transfection of 
HEK293 cells and electrophysiological studies of 
RyR2 (the corresponding residue numbers in 
human RyR2 are labeled instead in all functional 
assay figures for clarity). Cytosolic Ca?* concentra- 
tion in transfected HEK293 cells was measured 
using the fluorescence Ca”* indicator dye Fluo- 
3 AM (Molecular Probes). HEK293 cells grown 
for 18 to 20 hours after subcultures were trans- 
fected with 12 ug of WT or mutant RyR2 cDNAs. 
Cells grown for 18 to 20 hours after transfection 
were washed four times with PBS and incubated 
in KRH (Krebs-Ringer-Hepes, 125 mM NaCl, 5 mM 
KCl, 1.2 mM KH,PO,, 6 mM glucose, 1.2 mM MgCl, 
2mM CaCl, and 25 mM HEPES, pH 7.4) buffer 
without MgCl, and CaCl, at room temperature 
for 40 min and at 37°C for 40 min. After being 
detached from culture dishes by pipetting, cells 
were collected by centrifugation at 1000 rpm for 
2 min in a Beckman TH-4 rotor. Cell pellets were 
loaded with 10 uM Fluo-3 AM in high-glucose 
Dulbecco’s Modified Eagle Medium at room tem- 
perature for 60 min, followed by washing with 
KRH buffer plus 2 mM CaCl, and 1.2 mM MgCl, 
(KRH+ buffer) three times and resuspended in 
150 ul KRH+ buffer plus 0.1 mg/ml BSA and 250 uM 
sulfinpyrazone. The Fluo-3 AM loaded cells were 
added to 2 ml (final volume) KRH+ buffer in a 
cuvette. The fluorescence intensity of Fluo-3 AM 
at 530 nm was measured before and after repeated 
additions of various concentrations of caffeine 
(0.025 to 5 mM) in an SLM-Aminco series 2 lumi- 
nescence spectrometer (SLM Instruments) with 
480 nm excitation at 25°C. The peak levels of each 
caffeine-induced Ca”* release were determined and 
normalized to the highest level (100%) of caffeine- 
induced Ca?* release for each experiment. 
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Single channel recordings in planar 

lipid bilayers 

Recombinant RyR2 WT and E4878A mutant chan- 
nels were purified from cell lysate prepared from 
HEK293 cells transfected with the RyR2 WT or 
the E4878A mutant cDNA by sucrose density 
gradient centrifugation, as described previously 
(35, 58). Heart phosphatidylethanolamine (50%) 
and brain phosphatidylserine (50%) (Avanti Polar 
Lipids), dissolved in chloroform, were combined 
and dried under nitrogen gas and resuspended 
in 30 ul of n-decane at a concentration of 12 mg 
lipid per ml. Bilayers were formed across a 250-um 
hole in a Delrin partition separating two cham- 
bers. The trans chamber (800 ul) was connected 
to the head stage input of an Axopatch 200A 
amplifier (Axon Instruments, Austin, TX). The 
cis chamber (1.2 ml) was held at virtual ground. A 
symmetrical solution containing 250 mM KCl and 
25 mM Hepes (pH 7.4) was used for all recordings, 
unless indicated otherwise. A 4-ul aliquot (~1 ug 
protein) of the sucrose density gradient-purified 
recombinant RyR2 WT or E4878A mutant chan- 
nels was added to the cis chamber. Spontaneous 
channel activity was always tested for sensitivity 
to EGTA and Ca?*. The chamber to which the ad- 
dition of EGTA inhibited the activity of the in- 
corporated channel presumably corresponds to 
the cytosolic side of the Ca”* release channel. The 
direction of single channel currents was always 
measured from the luminal to the cytosolic side 
of the channel, unless mentioned otherwise. Re- 
cordings were filtered at 2500 Hz. Data analyses 
were carried out using the pclamp 8.1 software 
package (Axon Instruments). Free Ca”* concen- 
trations were calculated using the computer pro- 
gram Fabiato and Fabiato (59). 
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Subthreshold Schottky-barrier 
thin-film transistors with ultralow 
power and high intrinsic gain 


Sungsik Lee and Arokia Nathan* 


The quest for low power becomes highly compelling in newly emerging application areas 
related to wearable devices in the Internet of Things. Here, we report on a Schottky-barrier 
indium-gallium-zinc-oxide thin-film transistor operating in the deep subthreshold regime (i.e., 
near the OFF state) at low supply voltages (<1 volt) and ultralow power (<1 nanowatt). By using 
a Schottky-barrier at the source and drain contacts, the current-voltage characteristics of the 
transistor were virtually channel-length independent with an infinite output resistance. It 
exhibited high intrinsic gain (>400) that was both bias and geometry independent. The 
transistor reported here is useful for sensor interface circuits in wearable devices where high 
current sensitivity and ultralow power are vital for battery-less operation. 


hin-film transistors (TFTs) based on amor- 

phous oxide semiconductors (AOSs), such 

as indium-gallium-zinc-oxide (i.e., In-Ga-Zn- 

O or IGZO), have been shown to be a highly 

promising candidate for large-area electron- 
ics because of their high mobility, low-temperature 
processability, and wide band gap, hence high 
transparency and low OFF current, compared 
with the ubiquitous silicon thin-film technology 
and more recently the organic family (7-8). For 
deployment of TFTs in mobile devices, such as 
wearables, low voltage and low power are crucial 
because the operation of the wearable device is 
challenged by the limited battery lifetime even if 
it is augmented with energy harvesting (9-12). 
Other TFT technologies are unlikely to meet these 
requirements because of their higher quiescent 
power (table S2) (1-8, 13-16). 

The approach used here to achieve ultralow 
power is to operate the transistor in the deep 
subthreshold regime, i.e., near the OFF state. With- 
in this regime, the saturation drain current (Ips) 
of the Schottky barrier (SB) TFT is independent 
of drain voltage (Vps), yielding an infinite output 
resistance (i.e., 7 = OVps/OIps — ~). Indeed, the 
magnitude of the current is scaled geometrically 
only by the channel width (W) as opposed to the 
channel width-to-length ratio (W/L) as in con- 
ventional transistors (see inset of Fig. 1B). The 
insulated gate provides an effective means of 
modulating the SB height at the source contact 
and hence the thermionic emission (TE) and 
thermionic field emission (TFE) properties. Thus, 
the emission current into the channel is deter- 
mined by the reverse saturation current of the 
Schottky diode at the source, which in turn is 
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modulated by the gate voltage. As a result, the 
SB-TFT yields a large intrinsic gain that is inde- 
pendent of both geometry and bias. This bias 
independence of intrinsic gain and zero input 
current by virtue of the insulated gate makes the 
SB-TFT capture the best of the bipolar junction 
transistor (BJT) and metal-oxide-semiconductor 
field-effect transistor (MOSFET) technology fam- 
ilies (table S4) (16-18). 

To form a Schottky contact at the source/drain 
contact of the IGZO TFT, we decreased the elec- 
tron concentration of the IGZO film by using a 
high oxygen-gas partial pressure relative to argon, 
ie., Pox = Oo/(Og + Ar), during the radio frequency 
(RF) sputtering process, with subsequent thermal 
annealing for a more reliable contact (Fig. [A and 
fig. S1). Here, a high P., serves to compensate oxy- 
gen vacancies (V,,), which act as electron donors 
(7, 19, 20). Indeed, in the measured output char- 
acteristics, the MC-IGZO TFT (at P,, = 15%) pro- 
vided Schottky characteristics at low Vps, whereas 
the LC-IGZO TFT (at P,, = 4%) showed the usual 
ohmic behavior (fig. $2). At higher Vpg, both devices 
show current saturation (Fig. IB). More important, 
the SB-TFT (i.e., MC-IGZO TFT) has a much flatter 
output curvature compared to the ohmic device, 
yielding a much higher 7,. In particular, the output 
characteristics of the ohmic device had a L depen- 
dence (fig. S2). In contrast, the output character- 
istics of the SB-TFT were almost independent of 
L (Fig. 1B). This can be explained with the sat- 
uration drain-current (J,,) relation as (21-23) 


Bo Vos 
Teat = AyJsar (Vi = £80) (7 = 
sat Isat ( cserr( 210) ( exp( rs) 


where 7 is the ideality factor (~1.7 of the exam- 
ined device); A; is the contact area, where elec- 
trons are emitted through TE-TFE rather than 
the drift-diffusion process; v,, is the thermal 


voltage (i.e., kgT/g, where kx is Boltzmann’s con- 
stant, T is the absolute temperature, and q is the 
elementary charge); and J,,; is the saturation cur- 
rent density as a function of gate voltage (Vgs). 
TI,a¢ is linearly proportional to A;, and scales with 
W. In addition, the term (1 - exp(-Vps/nvn)) is 
almost unity in the saturation regime because 
Vps >> NU, at 300 K, and thus is independent of 
Vps. These are consistent with the results in Fig. 
1B. Besides, Fig. 1, C to E, show input character- 
istics, in which a conceptual color-bar of output 
power consumption (Poy) for a 1-V supply, nor- 
malized with W, is shown, clearly indicating each 
operational regime (Fig. 1F). In particular, as seen 
in Fig. 1E, the SB-TFT has a higher transconduct- 
ance (g;,). This can be explained with its smaller 
subthreshold slope (SS) ~ 0.28 V/decade compared 
to the ohmic device (Fig. 1D, fig. S2, and table S1). 
Because the intrinsic gain (4;) of a transistor is 
defined as 2,7, the SB-TFT provides a higher A; 
associated with its higher 7, and g,, compared to 
the ohmic device (table $3). 

To theoretically explain the results of the SB- 
TFT, we describe its operating principle in Fig. 2. 
At a given Vgs, the nonlinear response of the 
drain current at Vps < Vizan (the transition volt- 
age) suggests a forward-biased Schottky diode at 
the drain junction (Fig. 2A). Here, the electron 
collection is modulated with Ves through an ef- 
fective SB lowering at the drain side (A@gp) (Fig. 
2B). When Vps > Viran, Jps becomes firmly satu- 
rated because of the reverse-biased Schottky diode 
at the source (Fig. 2C). This regime satisfies the 
condition of L >> Wp, suggesting a negligible 
image-charge effect from the drain to source, 
where W) is the depletion width at the drain (Fig. 
2C and fig. S5A). Thus, the SB lowering at the 
source (A@gs) is mainly a function of Vgg mod- 
ulating the current density expressed as 


Jsat(Ves) = Jo exp (Aas) (2) 


Oth 


Here, Jo is a reference current density. As seen 
in Fig. 2D, the intercept (Ago) ~ 0.165 V can be 
considered as an initial SB lowering correspond- 
ing to the reference current at Vog = Vier (the ref- 
erence voltage). An effective SB-lowering (e.g., APs) 
approximation is used to account for changes in 
the SB width (Wg) and, hence, the degree of the 
quantum mechanical tunneling (fig. S5C) (23). 

Based on the theory discussed along with Fig. 2, 
the output characteristics of the SB device for differ- 
ent Ves (ranging from 0 to 1 V, in steps of 0.1 V) 
were measured (movie S1) and modeled (Fig. 
3A). The results show good agreement with each 
other. Figure 3B shows the transfer character- 
istics for Vps of 0.5 and 1 V. They are nearly iden- 
tical, implying current saturation for Vpg > Viran ~ 
0.48 V. Also, it shows an exponential dependency 
on Vgs, which can be explained with Eq. 2 where 
A@ps(Ves) = GoVes — Vret) + Ao. Go is a coefficient 
that describes the sensitivity of barrier lowering 
to Vas. The retrieved 7, and gy, for Vpg = 1 V are 
shown as a function of Vgs (Fig. 3C). Both follow 
an exponential law with an opposite proportion- 
ality on Vgs, as described in Eqs. 3 and 4. Their 
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product gives a signal amplification factor, i.e., Osai consistent with measurements (Fig. 3D). Here, A; 
intrinsic gain (Aj): = Conexp NUih (5) of the SB-TFT is at least an order of magnitude 
higher compared to the ohmic IGZO TFT (table 
To = where Jgo = Jo €XP(-Pzo/Uin) (eqs. S17 to $21). S3) or a typical Si-MOSFET (/7, 18). Because the 
ii Oth exp (eee) exp (=) As seen in Eq. 5, A; is not a function of either | SB-TFT operates at low voltage and low current, 
AjJg0 Oth NV¢h, bias (e.g., Vas, Vos) or geometry (e.g., Wand L), | itis also electrically stable over time (fig. S7). The 
(3) but rather is a function of intrinsic parameters low power and high-gain performance of the SB- 
(e.g. Co, 2, Um, and a saturation voltage Vsat). SO, it TFTs were applied to a common source amplifier 
is just a constant, unlike the ohmic device. With as demonstrated in Fig. 4 (movie S2). As seen in 
i.=t, ArIeo exp (Soles )+ ee) (4) Eq. 5, A; is calculated as ~450 with the retrieved Fig. 4, A and B, the TFT-2 (load), whose V;e¢ (and 
Oth Oth values of intrinsic parameters (fig. S6), which is Vr) was shifted to negative because of light stress, 
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Fig. 1. Device structure and basic electrical characteristics. (A) Schematic cross-section of the examined device [inset: Illustration of atomic structures for 
less compensated (LC) and more compensated (MC) IGZO films, respectively]. (B) Measured Ips/W versus Vos for MC and LC devices (inset: Ips/W versus L). 
Measured input characteristics: (C) in linear scale, indicating V; (the threshold voltage), and (D) in logarithmic scale, indicating Ve, respectively (Ig is 
a gate leakage current). (E) Measured g,,/W of each device along with the ratio between them. (F) Conceptual color bar of Pout normalized with W for 
1-V supply. Here, the sub-T and above-T denote the subthreshold and above-threshold, respectively. 


Fig. 2. Operating principle A 
of the deep subthreshold 
SB-TFT. (A) Band diagram 
along L when Vps < Viran- 

(B) Retrieved A@pp at drain 
contact as a function of Ves 
calibrated with Vyer, i.€., 

Ves — Vrer (C) Band diagram 
along L when Vps > Viran- 

(D) Extracted Aggs at source 
contact as a function of Ves - 
Vier. Here, Ec and E¢ denote the 
conduction band minima and 
Fermi level, respectively. 
[Insets in (A) and (C) are 
equivalent circuit representa- 
tions, and those of (B) and (D) 
are schematic diagrams to 
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Fig. 3. Modulation characteristics and small-signal parameters of the SB-TFT in the deep subthreshold regime. (A) Measured Ips versus Vps for a different 
Ves along with theoretical prediction. Here, Vo is a threshold at which the source-side Schottky diode starts dominating. (B) Transfer characteristics for Vps = 0.5 and 
1V. (C) Experimental values of r, and g;, as a function of Ves along with theoretical prediction (dashed lines). (D) Measured A; of the SB-TFT as a function of Ves. 
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Fig. 4. Circuit-level demonstrations with the SB-TFTs. (A) Transfer characteristics of TFT-1 (driver) and TFT-2 (depletion load due to light stress), where /g and 
Vg are determined as ~90 pA and ~0.5 V, respectively. (B) Common-source circuit and its three-dimensional view. (©) Measured output voltage (Vout) as a 
function of input voltage (Vi,) while using 2-V supply (Vpp), (D) Av, (E) output current (out), and (F) Pout versus Vin, respectively. 


was used as a depletion load (fig. $8) (24). Alter- 
natively, a TFT with a larger Was a design param- 
eter can also be employed (fig. S9A). As shown in 
Fig. 4D, the circuit exhibits a high voltage gain 
(Ay) >220, and its output-power consumption 
(Pout) is very low, <150 pW (Fig. 4F). Thus, it can 
even be driven by a nanowatt power source. 

Our deep subthreshold operating SB-TFT is 
fundamentally an ultralow-power and high-gain 
device, which opens up possibilities for innovative 
system design in many applications, including 
wearables and implantable devices, where low- 
power and low-current analog signal processing 
are essential requirements. In addition, the operat- 
ing principle of the SB-TFT in the deep subthresh- 
old regime (i.e., near-OFF-state) brings together 
the best of two transistor families: the bias inde- 
pendence of gain of the BJT and the zero input 
current of the MOSFET (table S4). Thus, the SB- 
TFT will bring about a new design paradigm for 
near-OFF-state sensor interfaces and analog front- 
end circuits (figs. S10 to S12). 
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FORCE SPECTROSCOPY 


Molecular force spectroscopy with 
a DNA origami-based nanoscopic 


force clamp 


Philipp C. Nickels,’ Bettina Wiinsch,” Phil Holzmeister,”* Wooli Bae,’ Luisa M. Kneer,* 
Dina Grohmann,”+ Philip Tinnefeld,”+ Tim LiedI’+ 


Forces in biological systems are typically investigated at the single-molecule level with 
atomic force microscopy or optical and magnetic tweezers, but these techniques suffer 
from limited data throughput and their requirement for a physical connection to the 
macroscopic world. We introduce a self-assembled nanoscopic force clamp built from 
DNA that operates autonomously and allows massive parallelization. Single-stranded 
DNA sections of an origami structure acted as entropic springs and exerted controlled 
tension in the low piconewton range on a molecular system, whose conformational transitions 
were monitored by single-molecule Férster resonance energy transfer. We used the 
conformer switching of a Holliday junction as a benchmark and studied the TATA-binding 
protein—induced bending of a DNA duplex under tension. The observed suppression 

of bending above 10 piconewtons provides further evidence of mechanosensitivity in 


gene regulation. 


he single-molecule force spectroscopy tech- 

niques that are most widely used to study 

minute forces and mechanical properties 

of biomolecules are atomic force micros- 

copy and optical and magnetic tweezers. 
These methods have helped to explore the un- 
folding and folding of proteins (J, 2), the elas- 
ticity of DNA (3), and the folding trajectory of 
proteins in force clamp configurations (4). De- 
spite this success, two limitations persist. One 
is the low data throughput arising from the serial 
nature of conventional force spectroscopy. Recent 
attempts to overcome this problem include the 
development of increased parallel data acquisi- 
tion in magnetic tweezer experiments (5) and 
centrifuge force microscopes (6). The second limi- 
tation is the requirement of a physical connector 
to a micrometer-sized object that enables inter- 
action with the macroscopic world (7). These 
typically long and flexible connector molecules 
are an intrinsic feature of all established tech- 
niques and make them susceptible to drift and 
noise. Further, they prevent the investigation of 
DNA-interacting systems that induce only minor 
conformational changes, such as many gene- 
regulatory proteins (e.g., transcription factors). 
One previous attempt to reduce noise involved 
the use of DNA origami bundles as rigid spacers 
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in optical traps (8). Regardless, any tether pro- 
hibits access to biologically relevant complex 
environments such as the inside of living cells. 

A promising approach toward the complete 
removal of the invasive connection is the con- 
struction of autonomous, nanoscopic manipula- 
tion tools. Earlier efforts on the molecular scale to 
sense forces autonomously, although not in an ad- 
justable fashion, include simple nanomechanical 


B_ ssDNA reservoir 


DNA devices (9-11) and intracellular protein force 
sensors (12). In this work, we used programmable 
DNA self-assembly (13-18) to construct a nano- 
scopic device that overcomes both limitations. 
Extending prestressed DNA origami tensegrity 
(19), we used the entropic spring behavior of 
single-stranded DNA (ssDNA) to exert defined 
and tunable forces on molecular systems. Con- 
ceptually, the ssDNA connects the system of in- 
terest with two immobile anchor points (Fig. 1A). 
By adjusting the number of bases between the 
fixed anchor points, the contour length of the 
ssDNA can be changed, directly affecting the en- 
tropic force acting on the system under study. 
The fixed distance imparted by the rigid DNA 
structure and the given contour length of the 
ssDNA provide an approximately constant force 
over time (supplementary text, section S1) (20). 
In analogy to the nomenclature of established 
constant-force experiments, we call our device a 
nanoscopic force clamp. 

In the experimental realization, the ssDNA 
spring spans the gap of a rigid, bracket-shaped 
DNA origami clamp and is part of the long scaf- 
fold strand that forms the backbone of the DNA 
origami structure (Fig. 1B). For our design, we 
located the multiple cloning site (MCS) of the 
M13mpi8 scaffold in the middle of the spring, 
which allowed us to insert and probe any DNA 
sequence of interest by means of standard clon- 
ing procedures. Additional ssDNA scaffold was 
stored in reservoir loops on both ends of the 
clamp. This enabled us to cost-efficiently build 
multiple objects with ssDNA springs of different 
lengths, permitting a flexible design with ad- 
justable force (19). Individual structures were 


ssDNA spring Cc 


Reduce # of nucleotides 


¥ 


Higher force 


Fig. 1. DNA origami force clamp. (A) ssDNA connects the molecular system of interest (red rectangle) 
with two immobile anchor points. Reducing the number of nucleotides spanning the distance d leads to a 
smaller number of adoptable conformations of the ssDNA chain and thus results in a higher entropic 
force. (B) Structure of the DNA origami force clamp. ssDNA exits the clamp duplexes in a shear con- 
formation (left inset; scaffold in dark gray and staple in blue) and spans the 43-nm gap. ssDNA reservoirs 
are located on each side of the clamp. The system of interest (here a DNA duplex) is probed in shear 
conformation (right inset; scaffold in dark gray and complementary DNA in light gray). F, force. (C) For 
each constant-force variant (three variants are shown here), individual origami samples were assembled. 
(D) Agarose gel of the three variants after annealing, with the monomer (M) and dimer (D) bands of the 
origami structure highlighted. (E) Average TEM micrographs of the three variants (left) and a single 
negative-stain TEM image of the 6-pN variant (right). Scale bar, 20 nm. 
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Fig. 2. Holliday junction conformer transitions under force. (A) Sche- 
matic of the Holliday junction (HJ) switching between two stacked isomers. 
Cy3 donor, blue; Cy5 acceptor, red. (B) Force clamps were immobilized on a 
bovine serum albumin—covered glass surface by biotin-streptavidin coupling. 
The HJ system is mounted in the force clamp with one of the four HJ strands 
being the scaffold (black strand in the inset). (C) FRET efficiency E traces 
(gray line) and two-state hidden Markov fit (HMM, black line). (D) Histograms 
over all recorded FRET traces, with Gaussian fits for the two FRET populations 
in blue (low FRET) and red (high FRET). Only traces with >20 transitions were 


5 
Time (s) 


included in the analysis; n is the total number of transitions. (E) Dwell times 
for both states (tow; aNd thigh) were extracted for each trace. Transition 
rates (Kiow and Kpigh) were first extracted from a monoexponential decay fit 
for each dwell time histogram, then averaged and plotted (semilog plot) as 
a function of force. Red squares, low to high FRET (knigh); blue circles, high 
to low FRET (Kiow). Solid lines are exponential fits, where the exponent 
relates the rates to the applied force. The y-axis error is the standard error 
of each average rate; the x-axis error is the uncertainty of the calculated force 
(fig. S15). 


assembled for each chosen length of the ssDNA 
spring with a distinct subset of only 10 oligo- 
nucleotides (staple strands) (Fig. 1C and figs. S1 
to S3). For a zero-force control, we enzymatically 
cut the single-stranded spring to release any ten- 
sion from the region of interest (Fig. 1C). 

To calculate the resulting force for a given 
contour length, we approximated the ssDNA 
as a purely entropic spring by using a modi- 
fied freely jointed chain model (3) with the 
contour length Lc = N x Lg, with N being the 
number of nucleotides and Lg the length per 
single base (supplementary text, section S1). 
For Lz, we used 6.3 + 0.8 A, a value obtained 
from a length comparison of five different crys- 
tal structures of ssDNA segments (27). 

We thermally annealed the force clamp struc- 
ture, producing ~10” force clamps in a single 
one-pot reaction. The chosen annealing ramp 
avoided temperatures above 65°C to minimize 
thermal degradation of the scaffold (fig. S4 and 
supplementary text, section S2) (20). We con- 
firmed successful assembly by means of agarose 
gel electrophoresis (Fig. 1D and fig. S5), bulk 
Forster resonance energy transfer (FRET) ex- 
periments (fig. S6), and transmission electron 
microscopy (TEM) (Fig. 1E and figs. S7 to S13). 

To demonstrate the functionality and sensi- 
tivity of our force clamp, we cloned a sequence 
into the scaffold that, together with three other 
oligonucleotides, forms the well-studied four-way 
Holliday junction (HJ) (22). In the presence of 
magnesium, the HJ forms an X-like structure by 
pairwise coaxial stacking of its helical arms. The 
chosen sequence is known to constantly switch 
between the two stacking conformers iso I and 
iso II (Fig. 2A) (22), a process that can be efficiently 
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monitored with the help of a donor-acceptor FRET 
pair positioned on two of the arms (Fig. 2B and 
fig. S14). We chose four force variants ranging 
from 0 to 4.0 pN and confirmed their successful 
assembly (figs. S15 to S23). We immobilized these 
structures on a coverslip surface and monitored 
donor-acceptor pair intensities from individual 
force clamps over time in a confocal single- 
molecule setup with alternating laser excitation 
(ALEX) (20, 23). 

Exemplary FRET traces and FRET histograms 
from thousands of transitions are shown in Fig. 2, 
Cand D, for each constant-force experiment (more 
traces are shown in figs. S24: and S25). A low-FRET 
population was centered at the FRET efficiency 
E = 0.42 (corresponding to iso I), and a high-FRET 
population was centered at E = 0.85 (correspond- 
ing to iso II). With increasing force, the equilib- 
rium shifted toward the iso II conformation 
with almost no low-FRET population remaining 
at 4.0 pN. We used two-state hidden Markov 
modeling (24) to calculate the transition rates 
between the low- and high-FRET conformations 
for each of the forces. The transition rate from 
low to high FRET (Ayjgn) increased from 4.7 + 
0.4.s' at 0 pN to 18.3 + 14s | at 4.0 pN. Mean- 
while, the transition rate from high to low FRET 
(Kjow) decreased from 3.2 + 0.6 stat 0 pN to 1.7 + 
0.4 s 7 at 4.0 pN (Fig. 2E). These rate changes 
are in good agreement with reported values from 
combined FRET and optical and magnetic tweezer 
measurements (22, 25). Importantly, the hetero- 
geneity of the HJ (26) was preserved in our measure- 
ments (fig. S26), indicating that the force clamp 
itself did not influence the dynamics of the HJ. 

Next, we studied the force dependency of the 
TATA-binding protein (TBP)-induced bending of 


a DNA duplex. Such DNA distortions are an in- 
tegral function of many transcription factors and 
DNA binding proteins. Although the correlation 
between transcriptional regulation and chromo- 
some organization is well known, it has been 
challenging to quantify the impact of the DNA 
condensation state and the chromosome orga- 
nization (e.g., the extent of strain in the DNA) 
on transcription factors such as TBP. 

TBP is found in the archaeal and eukaryotic 
domains of life. It recognizes the minor groove of 
the adenine- and thymidine-rich TATA box in the 
core promoter sequence and introduces a severe 
~90° bend in the DNA. Together with transcrip- 
tion factor B [TFB/TFUIDB], TBP is responsible 
for the site-specific recruitment and orientation 
of RNA polymerases at the transcription start 
site. To date, force measurements of this system 
have been futile, at least partly because the TBP- 
induced changes in the DNA topology are not 
easily detectable through the long tethers that 
are unavoidable in standard force spectroscopy 
experiments. Fluorescence readout in combina- 
tion with our high-throughput method helped us 
to circumvent this problem. 

We used TBP from the hyperthermophilic ar- 
chaeal organism Methanocaldococcus jannaschii 
(MjTBP) (Fig. 3A), which bends the promoter DNA 
in one step without the need for the second tran- 
scription initiation factor TFB/TFUDB (27), and 
inserted into the scaffold a promoter sequence, 
derived from the Sulfolobus spindle-shaped virus 
1 (SSV) T6 gene promoter, that contains a TATA 
box motif and is recognized by MjTBP (Fig. 3B and 
fig. S27). We chose six force clamp variants ranging 
from 0 to 11.4 pN and confirmed their successful 
assembly (figs. S28 to S40). The complementary 
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Fig. 3. TBP-induced DNA bending under force. (A) TBP from M. jannaschii (MjTBP; Protein Data 
Bank ID, 2Z8U) (29). Two pairs of phenylalanines (Phe) located in the DNA binding domain promote 
DNA bending. (B) The SSV T6 promoter, including the TATA box, mounted on the force clamp. Atto532 
donor, blue; Atto647n acceptor, red. (©) TBP binds the minor groove of the TATA box and bends the 
duplex by almost 90° thus changing the distance between the donor and acceptor. (D) FRET his- 
tograms and Gaussian fits for the low-FRET (blue) and high-FRET (red) populations. N is the number 
of molecules measured for each force. (E) Semilog plot of the probability of the bent state Prent as a 
function of force. The solid line is a Boltzmann distribution fit. The y-axis error is the standard error of 


Poenti the x-axis error is the uncertainty of the calculated force (fig. S28). 


strand of the 51-base-pair-long SSV T6 promoter 
was hybridized to the scaffold during folding. 
Bending was monitored by single-molecule FRET 
measurements of a donor-acceptor pair flank- 
ing the TATA box (Fig. 3C and fig. $27). We chose 
in-solution over surface measurements to greatly 
increase the data acquisition throughput (28). Fluo- 
rescence bursts of the donor and acceptor were 
recorded before and after the addition of MjTBP. 

Figure 3D shows histograms of the FRET effi- 
ciency with MjTBP for the six different forces. 
Each histogram includes data from at least 10,000 
measured force clamps, although the average 
recording time per sample was only ~30 min. All 
histograms show a bimodal distribution with a 
low-FRET population centered at E = 0.42 (corre- 
sponding to the undistorted state) and a high-FRET 
population centered at FE = 0.74 (corresponding 
to the bent state). The high-FRET population dis- 
appeared gradually with increasing force, and the 
TBP-induced bending was almost completely sup- 
pressed at 11.4 pN (full histograms for EF and 
stoichiometry are shown in fig. S41). We cal- 
culated the probability of the bent state Pent 
from its relative occurrence within the bimodal 
FRET distribution and plotted Pye as a function 
of force (Fig. 3E). Ppent is well described by the 
difference in free energy between the unbent and 
bent states, expressed through a Boltzmann distri- 
bution (Fig. 3E and supplementary text, section 
$3) (20). An estimate of the change in binding 
affinity and Gibbs free energy is given in fig. $42. 


SCIENCE sciencemag.org 


Our DNA origami force clamp serves as a new 
tool to quantify the sensitivity of transcription 
factor-induced distortion to DNA tension and 
thus to chromosome organization. This adds in- 
formation to the growing picture of transcrip- 
tional regulation and protein-DNA interactions 
in general. Our nanoscopic force clamp expands 
the range of available single-molecule force spec- 
troscopy techniques and makes new molecular 
systems accessible to sensitive force spectroscopy 
analysis. The self-assembling clamps are easy 
to prepare and can be used to study any DNA- 
interacting and DNA-modifiable system (e.g., 
proteins conjugated with short DNA tethers). The 
simple operation and highly increased through- 
put compared with standard techniques facilitate 
the generation of force spectroscopy data in a 
dynamic range of 0 to 12 pN, which easily can be 
extended to ~50 pN (supplementary text, section 
S4) (20). Given that our method provides the flex- 
ibility to perform both on-surface and in-solution 
experiments, we envision moving from elaborate 
and costly single-molecule tools toward simple 
and readily adaptable ensemble assays. 
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CHEMICAL PHYSICS 


Ultrafast electron diffraction 
imaging of bond breaking in 
di-ionized acetylene 


B. Wolter,’* M. G. Pullen,’* A.-T. Le,” M. Baudisch,! K. Doblhoff-Dier,® A. Senftleben,* 
M. Hemmer,” C. D. Schroter,® J. Ullrich,” T. Pfeifer,° R. Moshammer,® S. Grafe,®® 


O. Vendrell,*’° C. D. Lin,” J. Biegert™+ 


Visualizing chemical reactions as they occur requires atomic spatial and femtosecond 
temporal resolution. Here, we report imaging of the molecular structure of acetylene 
(C2H2) 9 femtoseconds after ionization. Using mid-infrared laser-induced electron 
diffraction (LIED), we obtained snapshots as a proton departs the [C2H2]** ion. By 
introducing an additional laser field, we also demonstrate control over the ultrafast 
dissociation process and resolve different bond dynamics for molecules oriented parallel 
versus perpendicular to the LIED field. These measurements are in excellent agreement 
with a quantum chemical description of field-dressed molecular dynamics. 


lItrafast imaging of atomic motion in real 
time during transitions in molecular struc- 
ture is a prerequisite to disentangling the 
complex interplay between reactants and 
products (1, 2) because the movements of 
all atoms are coupled. Ultrafast absorption and 
emission spectroscopic techniques have uncov- 
ered numerous insights in chemical reaction 
dynamics (3, 4) but are limited by their reliance 
on local chromophores and their associated lad- 
ders of quantum states rather than global struc- 
tural characterization. 
Reaction imaging at the molecular level requires 
a combination of few-femtosecond temporal and 
picometer spatial measurement resolution (5). 
Among the many techniques that are currently 
under intense development, x-ray scattering can 
reach few-femtosecond pulse durations at pho- 
ton energies of 8.3 keV (1.5 A) (6) with a demon- 
strated measurement resolution of 3.5 A (7). 
Challenges for such photon-based approaches 
are the coarse spatial resolution and the low 
scattering cross sections, especially for gas-phase 
investigations. Electron scattering (8) provides 
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much-larger-interaction cross sections and smaller 
de Broglie wavelengths but suffers from space 
charge broadening, which decreases the tempo- 
ral resolution. Consequently, measurements have 
demonstrated 7-pm spatial and 100-fs temporal 
resolution (9, 10) in gas-phase experiments. 
Remedies to improve temporal resolution in- 
clude relativistic electron acceleration (JJ) or 
electron bunch compression (72) with 100- and 
28-fs limits, respectively. Compared with such 
incoherent scattering of electrons from an elec- 
tron source off a molecular target, laser-induced 
electron diffraction (LIED) is a self-imaging meth- 


A 
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od based on coherent electron scattering (13-17). 
In LIED, one electron is liberated from the tar- 
get molecule through tunnel ionization and then 
accelerated in the field and rescattered off its 
molecular ion, acquiring structural information. 
The electron recollision process occurs within 
one optical cycle of the laser field and permits 
the mapping of electron momenta to recollision 
time (J8, 19). 

Here, we used LIED to image an entire hydro- 
carbon molecule [acetylene (C,H,.)] at 9 fs after 
ionization-triggered dissociation and visual- 
ize the departure of a proton. Our methodology 
combined mid-infrared (mid-IR) LIED with single- 
molecule coincidence detection in a reaction 
microscope (20-22) and used an additional laser 
control field to impulsively align the molecule 
(supplementary materials). The laser control field, 
a 1700-nm pulse, was sent before the 3100-nm 
LIED pulse and oriented the rotationally cold 
C,H» molecule parallel or perpendicular to the 
LIED field depending on the time delay. The 
3100-nm pulse triggered molecular dissociation 
and, at the same time, collected structural snap- 
shots of the entire C,H» molecule. The alignment- 
dependent dynamics (23) were structurally imaged 
for both orientations. We chose C,H, because 
it is one of the best-studied hydrocarbons (24-27) 
and offers the numerous degrees of freedom and 
multitude of structural dynamics found also in 
larger and more complex molecules (1, 28, 29). 
Because of the strong field nature of LIED, many 
different fragmentation channels and ionization 
states occur simultaneously. Our specific imple- 
mentation of mid-IR LIED with single-molecule 
coincidence detection provides a remedy because 
post-selection of data regains channel selectivity. 
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Fig. 1. Identification of the relevant states leading to proton ejection. (A) The calculated rele- 
vant energy levels and possible pathways (34) leading to dissociation of C2H2 and departure of one 
proton (26, 35). The calculation is detailed in the supplementary materials. Two main pathways are 
identified, one leading to dissociative PES and fast dissociation (i), the other via metastable states to 
slow dissociation (ii). (B) These pathways are identified in the PIPICO analysis and (C) exhibit alignment- 
dependent fragment yields. (B) is shown here for perpendicularly oriented C2H2; the parallel case is 


provided in fig. S4. 
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Using this capability, we specifically chose to 
isolate and examine the dissociation of the C,H» 
dication (C,H,”*— H* + C,H") because it results 
in a proton H™ and an ethynyl C,H* moiety. This 
prototypical dissociation pathway is interesting 
because it presents one of the fastest expected 
proton motions and can proceed via two differ- 
ent pathways. 

The relevant cuts through the potential ener- 
gy surface (PES) of C,H, along one C-H direc- 
tion are shown in Fig. 1A, including states that 
are relevant for the desired dissociation channel 
of CsH,”* (30, 31) at the present experimental 
conditions by using a 65-fs (6.3 cycle), 3100-nm 
pulse (32, 33) with a peak intensity of (65 + 16) 
TW/cm”. The pulse parameters were chosen in 
order to position the experiment in the sequen- 
tial double ionization (SDI) regime in which the 
LIED imaging electron is ejected independently 
from the first electron in a second tunnel ioniza- 
tion step before scattering off the C,H, dication 
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(supplementary materials). It is known (26, 30, 3D) 
that the resulting pair of proton H* and ethynyl 
C.H* moiety originates via different possible path- 
ways from the C,H,”* dication: (i) The first dis- 
sociative excited singlet and triplet states, the 
TJ, and the °I1, states, can be reached through 
ionization from the o, type highest occupied mo- 
lecular orbital (HOMO)-1 of the neutral ground 
state (16,”, 16,°, 262", 26", 302”, Imy”, Imy”) fol- 
lowed by tunnel ionization from the m, type 
HOMO of the excited cationic °,* state (26, 34); 
(ii) the dication possesses a long-lived meta- 
stable triplet state [Poe lifetime 108 ns (35)] and 
two metastable singlet states (‘Z,* and 'A,) that 
can be reached via sequential tunnel ionization 
of two my electrons. In this case, first one electron 
tunnels from the HOMO of the neutral ground 
state (Ze) populating the singly ionic doublet 
°TT, state; then, a second electron tunnels from 
the HOMO of the singly ionic ground state to 
populate one of the aforementioned dicationic 
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Fig. 2. Measurement of bond distances with LIED. (A) The electron momentum distribution in co- 
incidence with the moieties corresponding to the fast proton loss channel. The left half shows data 
for parallel aligned C2H2, and the right half shows data for perpendicularly aligned C2H2. (B) The MCF for 
both cases, parallel (top, blue) and perpendicular (bottom, red). Error bars are derived from the ex- 
periment based on Poissonian statistics (supplementary materials). (C and D) Experimental data (white 
data points with error bars extracted from the MCF fit) overlaid with numerical results (density plot) for 
cuts through the 3D solution space at the location of its minima. The locations of these cuts correspond 
to C-C distances of 1.48 A for the parallel case (C) and 1.38 A for the perpendicular case (D). (C) shows 
elongation of one C—H bond to more than twice the equilibrium bond length, corresponding to bond 
breakage, whereas the other C-H bond is still bound. (D) represents a more symmetric scenario, nearing 


heterolytic cleavage of one of the two C-H bonds. 
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states. We were interested in the direct disso- 
ciation channel that leads to fast proton loss. 
A simple estimation of the initial speed of the 
C-H bond elongation, which is based on the cur- 
vature of the *IT, PES, yields an initial elongation 
velocity of 9 pm/fs from the initial C-H bond 
length of 1.07 A in the Frank-Condon region. 

To obtain the clearest possible conditions for 
imaging the direct proton loss channel, and to 
investigate its dependence on the LIED field, we 
impulsively aligned the C,H, molecule with an 
additional 1700-nm, 98-fs pulse focused to a 
peak intensity of (20 + 5) TW/cm? into the in- 
teraction region of the 3100-nm LIED pulse. 
Having ensured that the 1700-nm pulse did not 
induce ionization, we could distinguish between 
the different pathways from a photo-ion/photo- 
ion coincidence (PIPICO) analysis of our data, 
which is shown in Fig. 1B (here for perpendic- 
ularly oriented C,H,). The diagonally sloping 
line (Fig. 1B, top left to bottom right) shows a 
very pronounced section [Fig. 1B, top left corner, 
(i) centered around 0.8 us/4.1 us], which corre- 
sponds to direct dissociation of the dication from 
its excited ‘Il, and *I, states. Section (ii) of this 
line [Fig. 1B, top left corner 1.0 s/4.0 us to bot- 
tom right corner 2.6 t1s/3.1 us] is much weaker 
and is identified with the dication’s meta-stable 
states *Z,, 'Az, and '2,* (35). The proton-ethynyl 
pairs of the fast deprotonation channel are ac- 
companied by two shallow lines, above and below, 
respectively associated with reactions involving 
a “C atom and a neutral product that is not 
detected with the reaction microscope: C;H.”* > 
H* + C,* + H. Both of these processes, as well as 
the slow proton loss channel, occur with a prob- 
ability two orders of magnitude lower than that 
for the fast proton loss channel. Nevertheless, we 
explicitly excluded those channels by isolating 
the three-dimensional (8D) momentum distribu- 
tion of the electrons that correspond to the re- 
action moieties originating from the fast proton 
loss channel. This permits extraction of struc- 
tural information only from electrons that re- 
scattered off the H* and C,H* fragment pairs 
from direct dissociation. Additional support to 
identify population of the fast proton ejection 
channel (i) stems from measurements of the 
fragment pair ion yield (H* + C,H") as a func- 
tion of delay between alignment and LIED pulse. 
The results are shown in Fig. 1C and are in ex- 
cellent agreement with previous work (36) in 
which this temporal dependence was used to 
identify the two different dication fragmenta- 
tion channels. 

Having identified the direct proton ejection 
channel (via ‘II, and °I1,), we turned to extract- 
ing structural information from its scattered 
electrons. Our LIED methodology (20) permits 
use of momentum coincidence arguments to 
associate the scattering electron to only the 
moieties of the fast proton loss channel. Apply- 
ing such constraints to the data analysis reduces 
the event rate by a factor of 83, but the elimination 
of the general electron scattering background 
ensures that the resulting momentum map of 
the electrons bears only structural information 
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of the dissociating C,H, dication (Fig. 2A); the 
left half of the image shows data for parallel 
oriented C,H», and the right half of the image 
shows data for perpendicularly oriented C,H. 
These momentum maps correspond to the dou- 
bly differential electron scattering cross section 
measured under the influence of the mid-IR 
LIED field. However, molecular structure is ex- 
tracted from the field-free molecular differential 
cross section (mDCS), which is to say that we 
need to correct for the influence of the mid-IR 
field. Operating LIED with the 3100-nm pulse 
in the deep tunneling regime permits application 
of the semiclassical model (18, 37) in order to 
determine the vector potential of the LIED field 
at the time of rescattering for a given electron 
energy. The vector potential presents the LIED 
field’s influence on the rescattering electron as 
an offset from zero (field-free) momentum that 
is simply subtracted from the measurement. 
The mDCS is then extracted by recording the 
number of counts along the circumference of a 
circle whose radius corresponds to the scatter- 
ing momentum and whose origin is shifted by 
the vector potential from zero momentum; we 
show an example in black in Fig. 2A for an 
electron kinetic energy of 50 eV. Information 
about the position of the molecule’s nuclei is 
encoded as energy modulations onto the mDCS 
due to scattering interference. To make these 
oscillations directly visible, we calculated the 
molecular contrast factor (MCF), a renormal- 
ized quantity, from the mDCS (supplementary 
materials). 

Shown in Fig. 2B are the resulting MCFs for 
both perpendicularly oriented (Fig. 2B, red cir- 
cles) and parallel oriented (Fig. 2B, blue squares) 
C,H». Striking differences are immediately ap- 
parent between the MCFs of both orientations, 
indicating that different structures are observed. 
The positions of the individual scattering cen- 
ters, and hence atomic distances, are extracted 
by calculating MCF patterns for a wide range of 
possible positions. Comparing the measured MCF 
with these patterns, we obtained the full 3D so- 
lution space (minimum fitted y” value as a func- 
tion of the C-C distance and two C-H distances) 
of the instant condition of the molecular wave 
packet at the time of the electron’s return. The 
solution space is obtained without assumptions 
such as partially frozen nuclei or linear elongation 
and includes independent symmetric as well as 
asymmetric elongation of C-H bonds. 

We obtained two different solutions, one for 
the parallel and one for the perpendicular case, 
and present 2D cuts through the 3D solution 
space at those positions: The solution for the par- 
allel case for which we measure a C-C bond 
length of (1.48 + 0.11) A, a value 23% greater 
than the 1.204 A equilibrium bond length (38) 
in neutral C,H», is shown in Fig. 2C. Associated 
C-H distances are (2.31 + 0.15) A and (1.19 + 
0.10) A, corresponding to 118 and 12% elonga- 
tions, respectively, relative to the 1.06 A equilib- 
rium value (38). This difference, in which one 
proton has more than doubled its distance to its 
neighbor, is a clear signature of departure of a 
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proton and hence bond cleavage. The scenario 
is markedly different for the perpendicular case, 
in which we measured a C-C bond elongation 
of 16% from the equilibrium value to (1.38 + 
0.06) A. The measured C-H distances of (1.94 + 
0.10) A and (1.54 + 0.06) A are shown in Fig. 
2D. The more symmetric scenario of C-H bond 
elongations by 83 and 45% from their equilib- 
rium value is understandable considering that 
the molecule is aligned perpendicular to the con- 
trol field when being imaged with the LIED elec- 
trons; the molecule is not asymmetrically pulled 
apart by the strong laser field. This approximates 
an imaging scenario under quasi-field-free con- 
ditions (Fig. 3B). The measured disparity of C-H 
distances for different alignments provides a 
means of controlling bond cleavage and proton 
loss, depending on molecular orientation. 
Next, we sought to explain the difference in 
imaged structures between the parallel and per- 
pendicularly aligned molecules. We turned to 
mixed quantum chemistry and semiclassical 
ab initio molecular dynamics calculations so as 
to realistically describe the molecular wave packet 
in the dressing mid-IR field with varying polar- 
ization direction as a function of time (supple- 
mentary materials). Shown in Fig. 3 is how the 
PESs of the dication are modified for parallel 
(Fig. 3A) and perpendicularly oriented (Fig. 3B) 
molecules in the presence of the LIED field. 
In Fig. 3, A and B, only the dication’s ground 
states Cz and the near-degenerate singlet 
states 'A,, ‘D,*) and the "TI, and *IT, excited states 
are shown, for clarity. For the parallel case (Fig. 3A), 
we found a stable equilibrium when the LIED 
field is directed to pull the hydrogen atom toward 
the carbon atom (Fig. 3A, green). Once the LIED 
field direction reverses, half a cycle later, all PESs 
(Fig. 3A, blue) become strongly dissociative, and 
the C-H bond is broken within 8 fs. Internuclear 
separation for only one of the two C-H bonds is 
shown in Fig. 3; the exact opposite scenario oc- 
curs at the same time for the other C-H bond 
(exchange blue with green PESs). In total, during 
one LIED field cycle (10.3 fs for 3100 nm), one 


C-H is always broken, whereas the other C-H 
bond is only elongated. We found excellent agree- 
ment with our measured C-C bond length, which 
is elongated during both half cycles of the LIED 
field. The calculation yields a C-C bond length 
of 1.45 A, which is in excellent agreement with 
our measured value of (1.48 + 0.11) A. The per- 
pendicular case is different because no prefer- 
ential axis is induced by the LIED field, and hence 
there are two degenerate cases. Thus, no LIED field 
direction dependence and only minimal modifi- 
cation of the field-free PESs are exhibited in Fig. 
3B. This scenario leads to slower bond dynamics, 
with eventual breakup. The computed smaller C-C 
elongation to 1.40 A agrees with the measured 
bond length of (1.38 + 0.06) A. The simulations 
show that the C-C bond and the second C-H 
bond undergo vibration throughout the course of 
the LIED pulse, yet they stay bound within the 
temporal range of one optical cycle (10.3 fs). 
Because the LIED field does not noticeably 
distort the PESs in the perpendicular orientation, 
the C,H, dication behaves like a quasi-field-free 
electronic system and can be imaged as such. 
Moreover, the dependence of proton loss dynam- 
ics on alignment permits control over the speed 
and visualization of molecular dissociation. 
Having corroborated the dependence of pro- 
ton loss on alignment, we next linked the mea- 
sured structures to the times when the snapshots 
were taken. In our experiment, we analyzed elec- 
trons with 50 eV return energy because they 
yielded the highest number of counts for the 
largest angular coverage and hence the best 
scattering momentum transfer. On the basis of 
the semiclassical model (18, 37), which pertains 
well for our Keldysh parameter of y = 0.31, we 
can determine the time of return and the back- 
scattering energy for the scattering electron. We 
only have to consider the long trajectory path- 
way because of its much higher ionization prob- 
ability as compared with the short trajectory. 
We show in Fig. 4A that these electrons have 
reencountered the target after 9.15 fs (10.3 fs 
correspond to one optical cycle at 3100 nm) and 


sciencemag.org SCIENCE 


Downloaded from http://science.sciencemag.org/ on October 21, 2016 


RESEARCH | REPORTS 


C-H distance (A) 


<= 
{)) 
[S) 
= 
sg 
wn 
2 
Q 
2E 

| 

Cc-C F C-C G 
3- <E° 4 


C-C distance (A) 
’ 


0 5 10 15 
Time (fs) 


Bee REI 


20 0 5 10 15 20 


Time (fs) 


Fig. 4. Temporal dynamics of C2H2 resolved for the different bonds and as a function of align- 
ment. (A) Temporal range imaged for electron energies ranging up to 195 eV, in accordance with the 
semiclassical rescattering model. (B to G) Mixed quantum-classical dynamical calculations are shown 
below for [(B), (D), and (F)] parallel and [(C), (E), and (G)] perpendicularly aligned C2H»2. Extracted bond 
distances from the snapshots taken between 9.1 and 9.2 fs are overlaid onto the calculations and exhibit 
excellent agreement by being well positioned within the theoretical distribution; the results correspond- 
ing to Fig. 2 are shown in pink, and error bars are determined based on the semiclassical rescattering 
model (supplementary materials). Differences for bond elongation between the [(B) and (D)] parallel and 


[(C) and (E)] perpendicular cases are clearly resolved. 


backscatter with a maximum energy of 188 eV. 
We additionally analyzed our measurement 
for two closely neighboring energies of 48 and 
52 eV, which correspond to backscattering ener- 
gies of 181 and 195 eV and for which we achieve 
high count rates with excellent signal-to-noise 
ratio. The overall temporal spread is negligible 
because these three measurements interrogated 
the molecular structure during a short span be- 
tween 9.1 and 9.2 fs, as indicated by the vertical 
gray bars in Fig. 4. The experimental results for 
the three scattering energies (Fig. 4, circles with 
error bars) are overlaid with calculated values 
for all bond distances and for all orientations. 
The calculated values are based on modeling the 
experimental conditions with ab initio molec- 
ular dynamics simulations that take the mod- 
ification of the dication states of C,H, by the 
LIED field fully into account. The simulated evo- 
lution of the corresponding probability distribu- 
tion on the dissociative excited dication state 
over a time span of 20 fs is shown in Fig. 4, B 
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to G. For parallel orientation (Fig. 4, B, D, and 
F), the molecule experiences the full LIED field 
strength along its molecular axis and gets max- 
imally distorted. This scenario corresponds to 
rapid elongation of one C-H bond (Fig. 4B) and 
breakage, which is defined at twice its equilib- 
rium distance, after 8 fs. The other C-H bond 
(Fig. 4D) experiences elongation in the presence 
of the LIED field, and the C-C bond (Fig. 4F) 
moves with a period longer than the LIED field’s 
optical cycle. The dynamics change markedly for 
perpendicular orientation (Fig. 4, C, E, and G), 
which closely approximates a quasi-field-free 
imaging scenario (Fig. 3B). We found that the 
C-C bond undergoes a very similar excursion as 
that of the parallel case because of the stiffness 
of the bond. The two C-H bonds, however, show 
strong probabilities to both oscillate in phase 
with the LIED field, with some small probability 
for dissociation. This behavior makes sense, over 
the shown time range, because there is no pre- 
ferential direction of the external field that would 


bias the dynamics of one C-H bond as compared 
with the other. 

The measured snapshots are overlaid (Fig. 4, 
B, D, and F, circles) with all figures for the par- 
allel case and exhibit excellent agreement with 
the expected behavior of the molecule. The re- 
sult from Fig. 2C is indicated by the pink solid 
circle. Similarly, we show the perpendicular case 
in Fig. 4, C, E, and G, and found equally excel- 
lent agreement with the measurement shown in 
Fig. 2D. 

On the basis of these findings, we can corrobo- 
rate the full spatiotemporal structure of dicationic 
C,H, 9 fs after ionization. The snapshots of the 
spatiotemporal structure were taken with an es- 
timated 0.6-fs temporal resolution and are ca- 
pable of distinguishing the different kinetic 
behaviors of the molecule when field-ionized 
parallel or perpendicular to the LIED field. In 
the parallel case, the snapshots show that one 
of the hydrocarbon bonds is heterolytically 
cleaved with the proton 1.24 A away from its 
equilibrium position. The perpendicular case 
snapshots reveal the molecular structure in 
the quasi-field-free scenario for the dissocia- 
tive dication. 

As a future step, we envision application of 
our implementation of LIED to triggering and 
imaging of ultrafast structural transformations 
over a longer time scale—for example, with two 
separate pulses as pump and probe, and with 
molecules with more complex structures. Pros- 
pects include structural and spatial isomeriza- 
tion and especially proton tautomerization, a 
key chemical and biological process that is largely 
obscured from x-ray scattering techniques. 
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METALLURGY 


Dynamic creation and evolution 
of gradient nanostructure in 
single-crystal metallic microcubes 


Ramathasan Thevamaran,’* Olawale Lawal,' Sadegh Yazdi,' Seog-Jin Jeon,” 


Jae-Hwang Lee,®? Edwin L. Thomas** 


We demonstrate the dynamic creation and subsequent static evolution of extreme 
gradient nanograined structures in initially near—-defect-free single-crystal silver 
microcubes. Extreme nanostructural transformations are imposed by high strain 
rates, strain gradients, and recrystallization in high-velocity impacts of the microcubes 
against an impenetrable substrate. We synthesized the silver microcubes in a bottom-up 
seed-growth process and use an advanced laser-induced projectile impact testing 
apparatus to selectively launch them at supersonic velocities (~400 meters per 
second). Our study provides new insights into the fundamental deformation mechanisms 
and the effects of crystal and sample-shape symmetries resulting from high-velocity 
impacts. The nanostructural transformations produced in our experiments show 
promising pathways to developing gradient nanograined metals for engineering 
applications requiring both high strength and high toughness—for example, in 

structural components of aircraft and spacecraft. 


reating ultrastrong materials that are also 
tough enough to resist failure has always 
been a challenge to material scientists and 
engineers. In metals, decreasing the grain 
sizes to the nanoscale has been shown to 
result in ultrastrong nanocrystalline metals (J, 2). 
This improvement, however, comes at the cost of 
increased susceptibility to catastrophic brittle 
failure as strain localizes in nanocrystalline metals 
and forms cracks under tensile loading. It has 
recently been shown (3-6) that the creation of 
spatial gradients in grain structure can poten- 
tially alleviate the catastrophic failure through 
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progressive ductile behavior under applied uni- 
form tensile stresses. Previous methods for creating 
a gradient nanograined (GNG) structure require 
multistep surface mechanical grinding (3) or sur- 
face mechanical attrition treatment (SMAT) (5). 
Surface mechanical grinding results in a GNG 
structure with grain sizes increasing from the 
nanocrystalline (~20 nm) to the coarse-grained 
(~10 um) scales from the surface to the interior 
over a depth of ~0.5 mm, leading to a gradient of 
grain size ~0.02 (3). The SMAT has been shown 
to produce a GNG structure with grains increas- 
ing in size from the ~100-nm nanocrystals to the 
~35-4m coarse grains over a depth of ~120 um, 
leading to a gradient of grain size ~0.3 (5). We 
demonstrate effective creation of an extreme GNG 
structure with a single-step, high-velocity-impact 
process. The high strain rates, pressure, and strain 
gradients during impact create the GNG structure 
with a gradient of grain size ~1, where the grain 
size varies from ~10 to ~500 nm over a distance of 


~500 nm. We also show that the high elastic 
energy stored in the material due to impact trig- 
gers a continuous (static) recrystallization pro- 
cess that takes place over the course of weeks at 
room temperature. 

A clear understanding of the fundamental de- 
formation mechanisms in materials exposed to 
high-velocity impacts and shock compressions 
is critical to the development of advanced protec- 
tive technologies for applications in automobile 
and aircraft crashes (7), sport-related collisions 
(8), and body and vehicle armors (9). Impact and 
shock compression are also used for advanced 
material processing techniques such as shot peen- 
ing (10), laser shock peening (17), and explosive 
welding (12). Supersonic velocity microparticle 
impacts are especially relevant in cold spray tech- 
nologies (13), collision of undetectable small-sized 
space debris and micrometeorites with spacecraft 
(14), and microparticle impacts on turbine blades 
(15). However, to date, most of the studies on the 
nano- and micrograins of metals have been limited 
to quasi-static loading rates of micropillars (J, 2, 16), 
due to the challenges in conducting short-time- 
scale experiments on small-sized samples. 

Laser-driven shockwaves have recently been 
used to probe material responses at small length 
scales and short time scales (17, 18). Here, we use 
an advanced laser-induced projectile impact test- 
ing (o-LIPIT) apparatus (79, 20) to selectively 
launch individual single-crystal silver (Ag) micro- 
cubes at supersonic velocities (~400 ms~') and 
allow them to directly impact a rigid impenetra- 
ble target (Fig. 1A). The laser ablation of a gold 
(Au) thin film produces Au vapor—trapped be- 
tween the glass substrate and the thin cross-linked 
polydimethylsiloxane (PDMS) layer—that locally 
expands the PDMS layer and launches the room- 
temperature projectile (Ag microcube) at con- 
trolled velocities that are proportional to the laser 
pulse energy (20). The PDMS layer also thermally 
isolates the Ag projectile during laser ablation. 
This technique allows the sample to deform in an 
unconstrained manner and enables us to investi- 
gate the roles that the intrinsic crystal symmetries 
and the extrinsic microcube-shape symmetries 
play on resulting deformations, when the micro- 
cube impacts along specific crystal-symmetry di- 
rections (Fig. 1, C to E). 
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Fig. 1. The LIPIT of single-crystal Ag microcubes. (A) A schematic of the a-LIPIT experiment. (B) Scan- 
ning electron microscopy (SEM) image of a pristine single-crystal Ag microcube. (C to E) Top and side 
(at 60° tilt) views of the deformed Ag microcubes showing the crystal and deformation symmetries 
resulting from high-velocity impact, when impacted approximately along the (C) [100], (D) [110], and 
(E) [111] directions (all scale bars indicate 1 um). (F) Illustrations of the sequence of deformations in 
the Ag microcube during high-velocity impact along the [100] crystal-symmetry direction. 


Recent advances in the synthesis of Ag nano/ 
microcubes (27) enable us to synthesize near- 
defect-free single crystals in near-perfect cubic 
geometry (Fig. 1B) and in large quantities. Our 
bottom-up synthesis contrasts the commonly used 
top-down sample preparation techniques based 
on focused ion beam (FIB) milling, which result 
in substrate bound samples in limited quantities 
that contain surface damage and gallium contami- 
nation incurred from ion milling. We used a seed- 
growth process with control of oxygen in the 
reaction environment (20) to synthesize the near- 
monodispersed single-crystal Ag microcubes (cube 
edge ~1.4 um) for this study (20). Ag is a face- 
centered-cubic (fcc) metal having space group 
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Fm3m (no. 225) that can serve as a model for in- 
vestigating the dynamic deformation behavior of 
fcc metals. Moreover, the low-stacking-fault ener- 
gy of Ag (19 mJ/m?) (22) reduces the mobility of 
dislocations, which in turn activates numerous 
intriguing microstructural processes to accommo- 
date large imposed strains such as the formation 
of stacking faults, partial dislocations, deforma- 
tion twins, and shear bands, in addition to the 
conventional slips and cross-slips found in fcc 
metals having high-stacking-fault energy (23-26). 

For impacts approximately along the [100], 
[110], and [111] crystal-symmetry directions, the 
deformed samples exhibit distinct deformation 
features that reflect the interplay of intrinsic and 


extrinsic symmetries. The extrinsic cubic geome- 
try of the sample guides the plastic deformation to 
follow the cube’s symmetries and results in p4mm, 
p2mm, and p3m plane point group symmetries 
(fig. S1) (20), as seen in the top views of the de- 
formed samples corresponding to the impacts 
along the [100], [110], and [111] directions, re- 
spectively (Fig. 1, Cl to El). The average pressure 
rise of more than 9 GPa during the high-strain-rate 
(>10° s~}) impact far exceeds (>150x) the 60-MPa 
(27) yield strength of Ag. This generates a hy- 
drodynamic stress state that results in severe plas- 
ticity at the impacted side of the sample as the 
material deforms with no resistance to shear 
(20, 28). 

The initial compressional shock wave generated 
during impact rapidly attenuates as it moves 
toward the top region of the sample due to 
interactions with free-surface reflections (tensile 
waves). This results in large deformations at the 
bottom region of the sample but far less at the 
top region, approximately retaining its initial 
shape. As the amplitude of the propagating com- 
pressive stress wave reduces to a few times the 
yield strength of the material, plastic deforma- 
tion via crystallographic slips ensues, governed 
by the intrinsic fcc-lattice symmetry (Fig. 1F, fig. 
$3, and tables S3 to S5) (20). We observe clear 
evidence of parallel surface slip steps on the 
cube’s surfaces after impact due to the exiting 
dislocation avalanches (Fig. 1, C to E). 

The deformed geometry also indicates high 
axial and transverse strain gradients during de- 
formation. For example, the impact along the 
[100] direction (impact on a cube face) results in 
the nominal lateral strains of ~1.45 and ~0.25 at 
the bottom and top sides of the samples, with 
greater than 8 x 10°/m lateral strain gradient 
along the height direction (fig. S4 and table S6) 
(20). These observed characteristic deformations 
suggest that extreme micro- and nanostructural 
changes must occur within the crystal. 

To investigate the nanostructural changes with- 
in the sample, we performed transmission electron 
microscope (TEM) and selective area diffraction 
(SAD) analyses on a sample impacted along the 
~[100] direction (Fig. 2A) soon after the impact 
(~20 hours from impact to TEM analysis). The 
varying SAD patterns (Fig. 2, B1 to B4) indicate 
a strong gradient in grain size along the height 
of the sample. The top region exhibits a single- 
crystalline diffraction pattern with negligible dis- 
tortion arising in the probed ~200-nm-diameter 
region (Fig. 2, Bl and B2), whereas the bottom 
impacted region exhibits a nanocrystalline dif- 
fraction pattern (Fig. 2B4). The high-resolution 
TEM (HRTEM) images obtained at the bottom 
region of the sample show nanocrystalline grains 
that are ~10 nm in size (Fig. 2, C and D). The pres- 
ence of nanocrystalline structure in the region 
that underwent severe plastic flow suggests that 
there may have been dynamic recrystallization 
during the impact. The nearly adiabatic com- 
pression within the short impact time (~1.5 ns) 
generates material heating and leads to dynam- 
ic recrystallization as deformation twinning 
and strain-induced grain boundary migrations 
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Fig. 2. Deformation modes and GNG structure formation in impacted Ag microcube, exam- 
ined 20 hours after impact. (A) A cross-sectional image of an Ag microcube impacted along the 
~[100] direction; image is produced by stitching several bright-field TEM (BF-TEM) images (inset shows 
an SEM image of the impacted sample with a horizontal white dashed line indicating the location from 
which the TEM lamella was obtained). (B1 to B4) SAD patterns taken along the increasingly highly 
deformed regions showing a variation from ~single-crystalline structure in the top region to the nano- 
crystalline structure at the bottom region. (©) HRTEM image of the bottom region showing nano- 
crystalline grains. (D) Magnified HRTEM image of a nanocrystal grain at a different orientation compared 
to its surrounding. (E) HRTEM image of the top region of the sample showing deformation twins [insets 
show the incoherent twin boundaries (ITBs) and the fast Fourier transform (FFT) of the selected region 


exhibiting twin spots]. 


occur during deformation (29, 30). The average 
sample temperature is estimated to rise by ~350 K 
during impact (20), because of the rapid and 
nearly adiabatic plastic deformation that does 
not provide enough time for the sample to 
dissipate heat into the Au-coated Si substrate. 
Higher temperatures may occur locally, but the 
overall shape and texture of the deformed cube 
rule out the possibility of melting. Nanoscale 
incoherent deformation twins found in the sam- 
ple (Fig. 2E) and the continuously varying orien- 
tation of grains, characterized by varying convergent 
beam electron diffraction (CBED) patterns, also 
signify the highly localized deformations in the 
sample. 

We performed TEM analysis on a sample im- 
pacted along the [100] direction 8 days after impact 
and found substantial nanostructural recovery in 
the form of recrystallization. Two distinct regions 
are evident in Fig. 3A: the recrystallized highly 
deformed bottom region and the top less-deformed 
region. The highly deformed bottom region of this 
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sample now shows 30- to 150-nm-sized grains (Fig. 
3B and fig. S5), which have recrystallized from the 
less-than-10-nm-sized grains evident in the sample 
investigated 20 hours after impact. We also found 
several subgrains and a high density of disloca- 
tions in these grains (Fig. 3C) that suggests a system 
that is still far from equilibrium. The top-center 
region and the left- and right-side regions of the 
sample cross section exhibit distinct slip planes 
at ~30° and ~150° to the horizontal impact plane, 
which correspond to the {111} crystal planes in the 
pristine fcc lattice (Fig. 3A). Although the slip 
planes also exist in the sample shown in Fig. 2, 
the recrystallization in the top region of the sample 
allows them to be seen more clearly, as in Fig. 3A. 
Additionally, consistent with the presence of the 
strong strain gradient, the thickness of the shear 
bands bounded by these slip planes gradually re- 
duces from the top region (~25-nm-thick bands) and 
becomes so thin as to be nearly indistinguishable 
near the most highly deformed bottom region 
(Fig. 3D and fig. S6). 


The evolution of the GNG structure in the 
material is also evident in the distinct electron 
diffraction patterns obtained in three different 
regions that have undergone different extents of 
deformation and recrystallization. The top region 
shows a pattern that is similar to a single crys- 
tal with small distortions caused by the numer- 
ous closely spaced slip systems (Fig. 3E1). The 
bottom-center region that was highly deformed 
and recrystallized shows the characteristics of 
a nanocrystalline structure (Fig. 3E2), and the 
bottom-side region that underwent the most severe 
plastic flow exhibits diffraction characteristics of 
even smaller, highly misoriented nanocrystalline 
grains (Fig. 3E3). 

Such extreme deformations occurring over a 
short time scale result in high energy storage 
in the newly formed nanocrystalline grains with 
high elastic strain and grain misorientations. The 
stored elastic energy and the recrystallization 
nucleus formed during dynamic recrystallization 
together set the stage for continuous (static) re- 
crystallization (30, 32). The continuous recrystal- 
lization at room temperature results in drastic 
changes in the nanostructure of the sample: The 
GNG structure formed as a result of impact 
evolves through grain coarsening by glide and 
climb dislocation movements, dislocation accu- 
mulation at subgrain boundaries, and coales- 
cence of subgrains at low-angle grain boundaries, 
all of which contribute to decreasing the stored 
elastic energy (30). It is remarkable that the 
continuous recrystallization process occurs pre- 
dominantly due to the stored mechanical energy 
without any external thermal annealing, in con- 
trast to previous studies (30, 37) that have used 
thermal annealing at ~573 K for 30 s to induce con- 
tinuous recrystallization in highly deformed Ag. 

To further probe recrystallization, we prepared 
a TEM lamella of another Ag microcube impacted 
along the [100] direction 44 days after impact. It 
shows much coarser-grained structure, indicat- 
ing that the static recrystallization has continued 
(Fig. 4). The middle region of the sample has a 
large (~850 nm) grain with an aspect ratio of ~1, 
whereas the adjacent regions contain elongated 
grains [up to ~1700 nm in length and ~300 nm in 
width; equivalent diameter ~100 to 750 nm (fig. 
S7)] inclined at ~27° (right) and ~10° (left) with 
respect to the impact plane. These unique grain 
shapes and their preferential orientations imply 
that the midregion of the impacted cube has 
experienced a nearly isotropic state of stress due 
to initial shock compression and the large num- 
ber of {111} slip bands crisscrossing in multiple 
directions, whereas the side regions have been 
deformed by {111} slip bands oriented predomi- 
nantly on a preferred plane. The diffraction pattern 
(Fig. 4C) obtained in a highly deformed region 
exhibits the characteristics of a single-crystal 
grain structure, implying a near-complete nano- 
structural recovery from the prior severely deformed 
nanocrystalline state observed immediately after 
impact. However, it should be noted that the nano- 
structural recovery in the form of continuous re- 
crystallization has transformed these single-crystal 
grains into entirely new orientations compared 


sciencemag.org SCIENCE 


Downloaded from http://science.sciencemag.org/ on October 20, 2016 


RESEARCH REPORTS 


Fig. 3. Partially recrystallized Ag microcube, examined 8 days after impact. (A) Cross-sectional 
BF-STEM (scanning transmission electron microscopy) image of the Ag microcube showing distinct 
highly deformed and less-deformed regions, separated by the white dashed line (inset shows an SEM 
image of the sample). (B) A magnified view of the region labeled “B” in (A) showing nanocrystalline 
grains that have undergone static recrystallization. (©) A magnified view of the region labeled “C” in 
(B) showing the smaller length-scale subgrain structure. (D) A magnified view of the region labeled 
“D" in (A) showing the closely spaced slip bands. (E) The diffraction patterns showing the characteristics 
of (El) single-crystalline, (E2) nanocrystalline, and (E3) finer nanocrystalline grains. 
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Fig. 4. A highly recrystallized 
Ag microcube examined 

44 days after impact show- 
ing a larger grain structure. 
(A) An SEM image showing the 
channeling contrast arising from 
differently oriented grains (inset 
shows the SEM image of the 
sample). (B) Annular darkfield- 
STEM image of the lamella 
showing the larger grain struc- 
ture with high-angle rotations 
between adjacent grains (the 
yellow spots indicate the locations 
where the CBED patterns were 
obtained for grain orientation 
measurements). (C) SAD pat- 
tern of the previously highly 
deformed bottom region 
(labeled as “C” in B) currently 
exhibiting the characteristics 

of fully recovered single- 
crystalline structure. 
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to the overall single-crystal orientation of the 
initial microcube. CBED analysis performed on 
the sample showed large misorientations between 
adjacent grains that exhibit high contrast (Fig. 4B 
and table S7) (20) and a gradually varying CBED 
pattern within each of those grains, consistent 
with a structure at a lower length scale containing 
defects and small subgrain misorientations. 

Upon impact, the pristine single-crystal single- 
grain Ag microcube undergoes an extreme defor- 
mation trajectory of micro- and nanostructural 
changes due to the high-strain-rate deformation: 
a highly deformed external geometry and creation 
of nanoscale grains and strong spatial gradients 
in grain size along the height of the sample. Such 
a GNG structure has been shown to result in a new 
gradient-plasticity strengthening and toughening 
mechanism in metals with spatial gradients in 
stress and strain under uniform overall deforma- 
tions (6). Because of the correlation between the 
yield strength and the grain size, application of 
a uniform external load to a material with GNG 
structure still leads to different strain distribu- 
tions in different-sized grains, resulting in a spatial 
gradient of strain and stress (6). This strengthening 
and toughening mechanism, which is distinct from 
the commonly known strain-gradient plasticity, 
prevents catastrophic failure through progressive 
yielding and strain hardening (4-6). 

Our observations of recrystallization driven by 
the stored elastic energy suggest a microstructural 
evolution path that progresses from nanocrystal- 
line toward single crystal. The recrystallization 
processes also soften the hard and brittle nano- 
crystalline material that results from dynamic de- 
formation (37). Therefore, the GNG-structured 
metal with intermediate states of recrystallization 
should have desirable strength and toughness for 
mechanical applications requiring high fatigue life 
and survivability in extreme environments such 
as automobile and aircraft crashes, sport-related 
collisions, and body and vehicle armors. The re- 
crystallization process can be retarded by the 
addition of alloying elements that preferentially 
segregate to grain boundaries for thermodynamic 
nanostructure stabilization (32). 

The GNG-structured materials made by a single- 
step high-strain-rate process, particularly in metallic 
alloy systems that have the ability to retard con- 
tinuous recrystallization even at high temperatures 
(32), will be useful for applications requiring ul- 
trahigh strength and toughness. Our studies also 
demonstrate that controlling the impact orienta- 
tion will provide additional control over tailoring 
the GNG structure and hence the mechanical prop- 
erties of the resultant material. Additionally, our 
findings suggest important roles played by both 
the intrinsic crystal symmetries and the extrinsic 
sample geometries, inspiring further fundamen- 
tal investigations to understand the interplay of 
intrinsic and extrinsic symmetries. 
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SOLID-STATE PHYSICS 


Observation of a nematic quantum 
Hall liquid on the surface of bismuth 


Benjamin E. Feldman,’ Mallika T. Randeria,’* Andras Gyenis,’* Fengcheng Wu,” 
Huiwen Ji,® R. J. Cava,® Allan H. MacDonald,” Ali Yazdani't+ 


Nematic quantum fluids with wave functions that break the underlying crystalline 
symmetry can form in interacting electronic systems. We examined the quantum Hall 
states that arise in high magnetic fields from anisotropic hole pockets on the Bi(111) 
surface. Spectroscopy performed with a scanning tunneling microscope showed that a 
combination of single-particle effects and many-body Coulomb interactions lift the 
six-fold Landau level (LL) degeneracy to form three valley-polarized quantum Hall states. 
We imaged the resulting anisotropic LL wave functions and found that they have a different 
orientation for each broken-symmetry state. The wave functions correspond to those 
expected from pairs of hole valleys and provide a direct spatial signature of a nematic 


electronic phase. 


ematic electronic states represent an in- 
triguing class of broken-symmetry phases 
that can spontaneously form as a result of 
electronic correlations (J, 2). They are char- 
acterized by reduced rotational symmetry 
relative to the underlying crystal lattice and have 
attracted considerable interest in systems such 
as two-dimensional electron gases (2DEGs) (3-5), 
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strontium ruthenate (6), and high-temperature su- 
perconductors (7-12). The sensitivity of electronic 
nematic phases to disorder results in short-range 
ordering and the formation of domains, making 
them difficult to study using global measurements 
that average over microscopic configurations. The 
effect of perturbations, such as crystalline strain, 
may be used to show a propensity for nematic 
order—that is, to provide evidence that vestiges 
of nematic behavior survive even in the presence of 
material imperfections (7). However, it is difficult 
to quantitatively correlate the experimental evidence 
of ordering with a microscopic description of the 
electronic states and the interactions responsible 
for nematic behavior. To put the study of nematic 
electronic phases on more quantitative ground, 
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it is therefore important not only to perform local 
measurements, but also to find a material system 
for which theory can fully characterize the un- 
derlying broken-symmetry states and the elec- 
tronic interactions. 

Multivalley 2DEGs with anisotropic band struc- 
ture have been anticipated as a model platform 
to explore nematic order in the quantum Hall re- 
gime (13-17). The key idea is that Coulomb inter- 
actions can spontaneously lift the valley degeneracy 
in materials with low disorder and thereby break 
rotational symmetry. In contrast to previously 
studied metallic nematic phases, this leads to a 
gapped nematic state with quantized Hall con- 
ductance. We examined such a 2DEG on the sur- 
face of single crystals of bismuth (Bi), which is 
one of the cleanest electronic systems, with a bulk 
mean free path reaching 1 mm at low temperatures 
(18). Interest in Bi has recently been rekindled by 
bulk measurements showing phase transitions 
and anisotropic behavior, possibly related to ne- 
matic electronic phenomena, in the presence of 
large magnetic fields (19-22). We focus here on 
the (111) surface of Bi, for which strong Rashba 
spin-orbit coupling results in a rich 2DEG con- 
sisting of spin-split surface states that produce 
multiple electron and hole pockets (23, 24). Scan- 
ning tunneling microscope (STM) images (Fig. 1A) 
show that the in situ cleaved Bi(111) surface has 
large (>200 nm x 200 nm) atomically ordered ter- 
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races that are separated by steps oriented along 
high-symmetry crystallographic directions (25). 
Angle-resolved photoemission spectroscopy (ARPES) 
measurements (23, 24, 26, 27) of this surface show 
that its Fermi surface consists of a hexagonal elec- 
tron pocket at the I’ point, three additional elon- 
gated electron pockets around the M points, and 
six anisotropic hole pockets along the '-M direc- 
tions (Fig. 1B, inset). The multiply degenerate ani- 
sotropic valleys and the low disorder of the Bi(111) 
surface make it an ideal system to search for nem- 
atic electronic behavior using the STM. 

In the absence of magnetic field, spectroscopic 
measurements of the Bi(111) surface with the STM 
(Fig. 1B) show features in the tunneling conduct- 
ance G that are related to van Hove singularities 
of the density of states (DOS), such as the sharp 
peak at energy E = 220 meV and the abrupt drop 
at 33 meV. These features correspond to the upper 
band edges of the surface states along the I-M 
direction (25, 28, 29). In the presence of a large 
magnetic field B, the electron and hole states of 
the Bi(111) surface are quantized into Landau 
levels (LLs), each with degeneracy geB/h, where e 
is the electron charge, / is Planck’s constant, and 
g accounts for the degeneracy arising from the 
valley degree of freedom (g = 6 for holes). At high 
magnetic field, the STM spectra show a series of 
sharp peaks (Fig. 1B) whose evolution with mag- 
netic field can be used to distinguish between 
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electron- and hole-like LLs, which disperse in 
energy with positive or negative slopes, respec- 
tively, as a function of magnetic field (Fig. 1, C 
and D). They do not exhibit avoided crossings, 
and the total conductance is additive when they 
cross, which suggests independent tunneling into 
each LL. LL spectroscopy on thin Bi(111) films was 
recently reported (28) but did not show evidence of 
symmetry breaking, which is the focus of our work. 

Our first key observation is that the surface- 
state LLs do not disperse linearly with magnetic 
field. Instead, they are pinned to the Fermi level 
until they are fully occupied, as is clearly shown for 
the hole states in Fig. 1D. Such behavior is rarely 
observed in LL spectroscopy of ungated samples 
performed using a STM (30), and it indicates that 
the surface charge density is held constant in our 
system. Electron LLs exhibit pinning only when 
there are no proximal hole states, whereas they 
otherwise cross straight through the hole LLs at 
the Fermi level. This difference in behavior signals 
an intriguing competition between electron- and 
hole-like states in a magnetic field, and suggests 
charge rearrangement between pockets (29). We 
focus below on the hole states, for which the or- 
bital index N,, is straightforward to assign, with 
the highest-energy peak corresponding to Nj, = 0 
closely matched to the zero-field drop in con- 
ductance at 33 meV. Using the values of the field 
and filling factor at which LLs cross the Fermi 
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Fig. 1. Landau levels (LLs) of the Bi(111) surface states. (A) A typical 
cleaved Bi(111) surface, with crystallographic axes labeled. The data in (E) 
and (G) are an average of spectra measured along the blue line, and the 
conductance maps in Fig. 3 were performed in the area denoted by the 
black box. Surface defects are circled in purple; the inset shows a zoom-in 
on one defect (inset z height scale, 1.3 A). (B) Conductance G as a function 
of energy E at magnetic field B = O (blue) and at 14 T (red). The curves are 
offset by 0.5 for clarity. At B = O, the data are taken at temperature T = 4 K. 
All other data throughout the manuscript are measured at 250 mK. The 
inset is a diagram of the Bi(111) first Brillouin zone, showing the electron 
(purple) and hole (blue) Fermi pockets of the surface states. (©) Landau 
fan diagram of G(E, B) that shows crossing electron- and hole-like LLs. The 
data are averaged over a 20-nm line, with individual spectra showing 
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almost no spatial variation on this energy scale. Select orbital indices Ne 
and N, of the respective electron and hole LLs are labeled. (D) Higher- 
energy resolution measurement of G(E, B) that clearly shows Fermi-level 
pinning of each hole LL. (E) High-resolution measurement of G(E, B) in a 
region where the LLs corresponding to N, = 3, 4, and 5 each show splitting 
into a two-fold degenerate and a four-fold degenerate LL peak. Data are 
averaged over the blue line in (A). (F) Line cut of spectra showing strain- 
induced splitting of the six-fold degenerate N,, = 3 LL into two or three peaks, 
depending on position. Numbers in parentheses denote the degeneracy of 
each broken-symmetry state. (G) Zoom-in on G(E, B) in the same location as 
in (E). The four-fold degenerate peak further splits into two distinct LLs as it 
crosses the Fermi level, indicating broken symmetry states arising from 
exchange interactions. Arrows mark Agtrain ANd Aexch: 
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Fig. 2. Rotational symmetry breaking and local 
domains of a nematic electronic phase. (A) Average 
conductance spectrum at 12.9 T, measured over a 
100-nm line cut (which exhibits little spatial depen- 
dence) near the start of the line cut in Fig. 1F, show- 
ing three broken-symmetry hole LLs, two of which 
are split by exchange interactions at the Fermi level. 
(B to D) Spatial maps of conductance normalized by 
its average value G/G at energies corresponding to the 
three split hole LL peaks. Ellipses of reduced conduct- 
ance are centered on surface defects, with different 
orientations at each energy. (E) Average conductance 
spectrum at 14 T, measured in the same location as 
in (A). The spectrum shows restored symmetry of the 
exchange-split LLs in (A) to produce a four-fold dege- 
nerate LL. (F) Spatial map of G/G at the energy of the 
four-fold degenerate LL peak, which shows ellipses 
with two orientations. (G) Spatial map of G/G at the 
energy of the two-fold degenerate LL peak that is split 
from the four-fold degenerate peak by strain, showing 
the same unidirectional behavior as in (D). The spatial 
maps in (F) and (G) are measured in the same area as 
(B) to (D). (H) Average conductance spectrum (mea- q 
sured over a 100-nm line cut that exhibits little spatial 
dependence) at 12.9 T in a location about 1 um away 2 
from the region shown in (A) to (G). (I to K) Spatial © 


G (nS) 


maps of G/G in the new location at energies corres- 10 
ponding to the three split hole LL peaks. The ener- 
getic order of the three directions is different, with 05 0 2 


the first two orientations switched, demonstrating the 
presence of domains. For all conductance spectra, 


E (meV) 


the electron LLs are labeled, and the hole LL degeneracy is denoted in parentheses near each peak. 
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Fig. 3. Isolated anisotropic cyclotron orbits and theoretical modeling. 
(A to E) Spatial maps of G/G at 14 T in the area denoted by the black box 
in Fig. 1A, at energies corresponding to the strain-induced broken-symmetry 
hole LL for orbital indices N, = O to 4. Isolated anisotropic cyclotron orbits 
are present around surface defects. (F) Spatial map of G/G in the same 
area at the energy of the N. = 8 LL, showing circular rings of suppressed 
conductance (black arrows) that occur around the same surface defects. 
The weak elliptical feature around the lower defect is related to a missing 
cyclotron orbit from the N, = 3 LL at a nearby energy. The trapezoidal 
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feature in the background conductance results from the shape of the 
terrace because the LL visibility is suppressed near step edges. (G) Amplitude 
2alg|oa.4(x)|° of the m = Np = 4 cyclotron orbit wave function. (H to K) 
Simulated maps of the expected conductance, 1-2alf |e y(r)|>, with individual 
cyclotron orbits centered on the surface defects circled in Fig. 1A. The size and 
shape of the simulated conductance are a good match to the data in (B) to (E). 
(L) Semimajor axis size of the cyclotron orbits for N, = 4 (blue) and ring size of 
those from electron LLs near the Fermi level (red) as a function of magnetic 
field. Dashed lines are fits to the field dependence of the extracted sizes. 
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level, we determine the hole surface density to be 
p®71x 10" cm (29). 

High-resolution spectroscopic measurements 
provide an indication that both single-particle 
effects and electron-electron interactions break 
the six-fold symmetry of the hole LLs. Evidence 
of symmetry breaking can be seen in Fig. 1E, which 
shows the field evolution of the conductance spec- 
tra in one region of the sample where the LLs cor- 
responding to N;, = 3, 4, and 5 are each split into 
two peaks with different amplitudes, indicating a 
lifting of the six-fold valley degeneracy of each 
level to form two- and four-fold degenerate LLs. 
The fact that the splitting (characterized by a gap 
Astrain) occurs away from the Fermi level indicates 
that it is a single-particle effect. The very weak 
dependence of Again On Magnetic field and orbital 
index and the fact that we observe different mag- 
nitude gaps in different regions of the sample 
suggest that local strain underlies this partial sym- 
metry breaking (29). As an illustration of the spa- 
tial dependence of this behavior, we show in Fig. 
1F a spectroscopic line cut from a region of the 
sample in which the six-fold degeneracy of the 
Nn = 3 LLis lifted to produce either two or three 
broken-symmetry states, depending on location 
within the sample. 


Electron-electron interactions further lift the LL 
degeneracy and are manifested in spectroscopic 
measurements by the appearance of energy gaps 
when the LLs cross the Fermi level. Figure 1G shows 
a high-resolution measurement of the Fermi-level 
crossing of the N;, = 4 LL (in the same area as in 
Fig. 1E), where over a range of 0.5 T, the four-fold 
degenerate peak develops an exchange energy gap 
(Aexch = 450 eV) that is coincident with the Fermi 
level. Although there are spatial variations in the 
exact magnitude of the gaps between the broken- 
symmetry LLs, exchange interactions consistently 
enhance gaps between LLs that are already split 
by strain and induce a gap between previously 
degenerate levels when they cross the Fermi level. 
The magnitude of the exchange gap is consistent 
with that estimated theoretically for the hole poc- 
kets of Bi(111), and it is not related to an Efros- 
Shlovskii Coulomb gap (29). These observations 
demonstrate that a combination of a single-particle 
effect, likely strain, and many-body interactions 
lift the six-fold valley degeneracy of the hole LL to 
produce three broken-symmetry states. 

We performed spectroscopic mapping with the 
STM to directly visualize the underlying quantum 
Hall wave functions and to demonstrate the break- 
ing of crystalline symmetry in these phases. Con- 


ductance maps at energies corresponding to each 
of the three broken-symmetry hole LLs show an- 
isotropic ellipse-like features that point along high- 
symmetry crystal axes, with relative angles rotated 
by 120° with respect to each other (Fig. 2, A to D). 
The elliptical features are centered on atomic-scale 
surface defects, and the same defects produce rings 
in all three directions. This suggests that ellipse 
orientation is not associated with symmetry break- 
ing from the defect itself, which is further con- 
firmed by atomic-resolution topographs (29). As 
we show below, the three different directionalities 
arise from cyclotron orbits in pairs of hole valleys 
that are elongated in the same direction. More im- 
portant, such spatially resolved measurements 
enable us to directly visualize the spontaneous 
breaking of the LL degeneracy by electron-electron 
interactions. By tuning the magnetic field to ad- 
just the occupancy of two of the three broken 
symmetry states, we can contrast spatial maps of 
the LLs with and without exchange splitting. The 
measurements in Fig. 2, E to G, obtained in the 
same region as those in Fig. 2, A to D, show that 
the elliptical features in the conductance maps can 
occur as a superposition of two different orienta- 
tions, indicating that the symmetry between these 
two orientations is not broken in the absence of 
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Fig. 4. Energy shift of the cyclotron orbits. (A to I) Spatial maps of G/G around an isolated impurity at B = 10 T with energy spaced by 100 peV 
throughout one broken-symmetry N, = 4 LL peak. These maps show the shift to lower energy of the m = N cyclotron orbit. (J) Corresponding 
conductance spectrum (averaged over a 12 nm x 2.5 nm area centered about 5 nm underneath the defect) marked with colored circles for each mapped 
energy. (K) Oscillations of G/G along the semiminor axis, averaged over 100 and 200 peV (blue) and over 400 and 500 weV (red), respectively, 


highlighting the contrast reversal in the maps. 
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an exchange gap. A comparison of Fig. 2F with 
Fig. 2, B and C, clearly shows that unidirectional 
elliptical features emerge as the exchange gap 
opens, providing a direct manifestation of nematic 
valley-polarized states on the Bi(111) surface. 

Another key feature of a nematic electronic 
phase without long-range order is the presence 
of domains, which we observe in our system by 
performing spatially resolved spectroscopy with 
the STM. We find that the sequence in energy of 
the three broken-symmetry hole LL states can 
change depending on the location within the 
sample. An example of this behavior can be seen 
by contrasting the spectrum and corresponding 
conductance maps in Fig. 2, A to D, to those mea- 
sured about 1 um away, shown in Fig. 2, H to K. 
These data reveal that the orientations of the two 
broken-symmetry states corresponding to the first 
two peaks in the spectra have switched between 
the two locations on the Bi surface. Thus, our STM 
measurements not only show that electron-electron 
interactions drive nematic behavior, but also illus- 
trate the formation of local nematic domains. 

We show below that the elliptical features in 
our STM conductance maps arise from cyclotron 
orbit wave functions of the broken-symmetry 
quantum Hall phases that are pinned by surface 
defects. To characterize these features in detail, 
we studied them in an area with few surface de- 
fects (box in Fig. 1A) and examined their depen- 
dence on orbital index at a constant magnetic field 
(14 T) around the same defects (circled in Fig. 1A). 
The conductance maps shown in Fig. 3, A to E, 
were obtained at the energies of the strain- 
induced broken-symmetry LLs for N;, = 0 to 4, 
and they revealed concentric ellipses of suppressed 
conductance similar to those in Fig. 2, with a 
consistent orientation for all the orbital indices. 
The size of the outermost ring increased with in- 
creasing orbital index, as did the number of con- 
centric rings of suppressed conductance. Around 
these same surface defects, we observed approx- 
imately circular rings in conductance maps mea- 
sured at the nearby electron LL peak (Fig. 3F), 
which further confirms that the defects them- 
selves do not break rotational symmetry. 

The rings of suppressed conductance for both 
electron and hole LLs can be understood as a 
consequence of cyclotron orbits that are shifted 
in energy because of the sharp potential produced 
by the atomic surface defects. In the symmetric 
gauge, the cyclotron orbits of each LL can be 
labeled by a second orbital quantum number m 
(31, 32). Only the m = N cyclotron orbit has weight 
at the defect, so it is the only state whose energy is 
shifted by the defect potential, which we modeled 
as a delta function (29). Without the defect, conduc- 
tance maps measured at the LL peak would in- 
clude DOS contributions from all cyclotron orbits, 
and no spatial variation would be expected. How- 
ever, because the m = N orbit is shifted to a 
different energy by the defect, it becomes visible 
as a decreased conductance in the shape of the 
wave function when measurements are per- 
formed at the unperturbed LL energy. 

A theoretical model of cyclotron orbit wave 
functions for the surface states of Bi(111) can be 
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used to capture the elliptical features in the STM 
conductance maps near individual defects with 
excellent accuracy. The anisotropy of the surface 
state hole pockets is reflected in their cyclotron 
orbit wave function, as exemplified by the mm = N;, = 
4 state, whose amplitude 2n73|(94.4(1)|? (where 
lz = \/h/eB is the magnetic length) is plotted 
in Fig. 3G. The number of elliptical features in these 
wave functions increases with orbital index and is a 
reflection of the spatial oscillations of the m = Nj), 
wave function, which is proportional to a Laguerre 
polynomial with N;, + 1 peaks (29). Using the de- 
fects marked in Fig. 1A as the centers of such 
cyclotron orbits, we simulated the expected con- 
ductance pattern by subtracting 2n/?|oy y(r)|? 
from a uniform background (Fig. 3, H to K). The 
similarity to the experimental data in Fig. 3, B to 
E, for different N;, states is remarkable, especially 
given that the only adjustable fit parameter is the 
anisotropy of the hole pocket effective mass. We 
extract a ratio of 5 for the hole pocket anisotropy, 
in good agreement with previous ARPES mea- 
surements (23, 26, 27) and calculations (33). Our 
model also captures the field dependence of the 
cyclotron orbit size of the hole LL for Nz = 4, as 
well as that of the electron LLs near the Fermi 
level. Figure 3L shows the experimentally mea- 
sured size of the outermost rings for both sets of 
orbits. They follow the expected 1/ VB or 1/B 
scaling for hole and electron LLs, respectively, 
which reflects the dependence of the cyclotron 
orbit wave functions on magnetic length and 
orbital index (29). 

On the basis of the model described above, we 
anticipate that the suppression we have detected 
in the conductance maps at the LL peaks should 
be accompanied by an enhanced conductance 
relative to the background at other energies. An 
example of such contrast reversal is shown in 
Fig. 4, A to I, which displays conductance maps 
near an isolated defect over a range of energies 
within one broken-symmetry LL peak with orbital 
index N;, = 4 (Fig. 4J). The maps measured at the 
LL peak and at higher energies show ellipses of 
suppressed conductance that correspond to a 
missing cyclotron orbit, whereas at lower ener- 
gies, such maps show ellipses of higher conduct- 
ance that indicate the lower energy to which this 
orbit has been shifted by the defect potential. 
This reversal of the contrast is clearly illustrated 
by the energy-averaged line cuts shown in Fig. 
4K, which demonstrate that the cyclotron orbit 
energy has been lowered by about 300 pV by this 
particular defect. Examining different defects, we 
have found evidence for both attractive and re- 
pulsive potentials from the contrast reversal in the 
conductance maps (29). 

Our measurements are in the clean regime 
where signatures of isolated cyclotron orbits are 
visible around individual defects, in contrast to 
previous studies of DOS modulations from drift 
states moving along equipotential lines in the 
disordered limit (34-36). Cyclotron orbits that 
are shifted in energy by an isolated defect have 
been explored in graphene (32), and other measure- 
ments have indirectly probed the size and shape 
of cyclotron orbits (36-38) by examining LL spatial 


dependence caused by potential modulations. We 
performed direct two-dimensional mapping of 
isolated cyclotron orbits, which enabled us to vi- 
sualize nematic order on the Bi(111) surface, where 
the anisotropic hole mass leads to anisotropic 
cyclotron orbits. 

The Bi(111) 2DEG represents an interesting 
venue to explore electron-electron interactions 
within anisotropic valleys. The ability to bring 
the lowest hole-like LL to the Fermi level, either 
by external gating or doping, may allow for direct 
visualization of fractional quantum Hall states 
and Wigner crystallization with a STM. In addi- 
tion, the boundaries between different nematic 
domains are expected to harbor low-energy edge 
modes that are analogous to topologically protec- 
ted states (13). The ability to generate a valley- 
polarized nematic phase that can be externally 
tuned with strain makes Bi(111) surface states 
ideally suited for controlled engineering of aniso- 
tropic physical properties. The predicted semimetal- 
to-semiconductor transition with decreasing 
thickness in bulk Bi (18) means that the transport 
properties of thin Bi(111) crystals will be dominated 
by the surface states, yielding further prospects for 
integration into devices that exploit the unique 
physical properties reported here. 
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GROUP DYNAMICS 


Network science on belief system 
dynamics under logic constraints 


Noah E. Friedkin,’* Anton V. Proskurnikov,”? Roberto Tempo,* Sergey E. Parsegov” 


Breakthroughs have been made in algorithmic approaches to understanding how 
individuals in a group influence each other to reach a consensus. However, what 
happens to the group consensus if it depends on several statements, one of which 
is proven false? Here, we show how the existence of logical constraints on beliefs 
affect the collective convergence to a shared belief system and, in contrast, 

how an idiosyncratic set of arbitrarily linked beliefs held by a few may become 


held by many. 


onverse [(1), p. 207] defined a belief sys- 

tem as “a configuration of ideas and at- 

titudes in which the elements are bound 

together by some form of constraint or 

functional interdependence.” The existence 
of belief systems is widely accepted and a subject 
of interest in the scientific community (2-4), but 
there are still unresolved puzzles. According to 
cognitive consistency theory, inconsistent beliefs 
cause tension that individuals seek to resolve 
(5, 6). Thus, if an individual’s certainty of belief 
on the truth of one statement is altered, the al- 
teration may propagate changes of the individ- 
ual’s certainties of beliefs on the truth of other 
statements. Individual-level, independent adjust- 
ments of certainties of belief (7-14) do not suf- 
fice to explain the existence of shared beliefs in 
a population of individuals. Some additional, 
natural, social control and coordination mecha- 
nism is required. Public dispute on global warm- 
ing is a prominent case in which individuals 
have varying certainties of belief on the truth 
values of a logically interdependent set of state- 
ments, which has implications for reaching a 
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conclusion that collective action is required to 
mitigate global warming. Debates in econom- 
ics on appropriate macroeconomic policy, and 
debates in politics on acceptable legislation, are 
also examples of interpersonal influences modify- 
ing individuals’ certainties of belief on multiple 
interdependent statements. A critical open prob- 
lem is the theoretical integration of theory on 
cognitive consistency and theory on interpersonal 
influence systems. We report a generalization of 
the Friedkin-Johnsen model (15-17) that achieves 
this integration. When individuals’ beliefs on mul- 
tiple statements are being influenced, the Friedkin- 
Johnsen model assumes that a change of be- 
lief on one statement does not affect beliefs on 
other statements. We develop and apply a more 
realistic model on the dynamics of belief sys- 
tems in which individuals’ certainties of belief 
on a set of interdependent true or false state- 
ments are being changed by network mecha- 
nisms of interpersonal influence. 

A shared logic constraint structure on a set 
of truth statements (e.g., if X is true, then Y 
and Z are true) does not imply belief consensus. 
It will polarize a population into two opposing 
ideological factions when high certainty of be- 
lief on one central statement implies high cer- 
tainties of belief on all other statements, and 
low certainty of belief on that central statement 
implies low certainties of belief on all other state- 
ments. One faction accepts the premise of the 
central statement and thus accepts all the other 
statements as true; the other rejects the premise 
of the central statement and thus rejects all 
the other statements as false. How can we bet- 


ter understand the dynamics of belief systems 
in which individuals’ certainties of belief are mod- 
ified by network mechanisms of interpersonal 
influence toward a consensus on a set of inter- 
dependent beliefs? 

An analyzable problem on belief system dy- 
namics can be posed as follows. Let us start 
from a state of heterogeneity in a population of 
individuals (i) with various levels of certainty of 
belief on the truth values of two or more truth 
statements and (ii) with a common set of logical 
constraints that associate these statements. In 
this population, levels of certainty of belief about 
one statement are associated with levels of cer- 
tainty of belief about another statement and, 
more generally, an individual's level of certainty 
of belief about one statement is some mixture 
of that individual’s certainty of beliefs about 
other statements. Let each individual’s certainty 
about each statement be subject to disturbance. 
Cognitive consistency theory posits that the dis- 
turbance will cause a within-individual change 
that recalibrates their certainties of beliefs to 
achieve consistency. Let each individual in this 
population be embedded in a social network 
that allows interpersonal influences on individ- 
uals’ beliefs. With such a network, cognitive con- 
sistency effects are now competing with effects 
of other individuals’ displayed beliefs. 

In our model (Fig. 1), individual nodes have 
different certainties of belief on multiple truth 
statements, which may be changed through 
their interactions with others. The nodes may 
vary in their levels of closure-openness to influ- 
ence. Each node’s integration of their own and 
others’ displayed certainties of belief may be 
subject to logical interdependencies among state- 
ments. These interdependencies can be expressed 
as a matrix of logic constraints. 

The dynamics of this »-individual belief sys- 
tem on m truth statements is defined by the 
tensor matrix equation (/8) 


X(k +1) = AWX(k)C’ + (I - A)X(0) 


where k = 0,1,.... The X(0) is an x m matrix 
of n individuals and m truth statements with 
truth values (true or false) on which individ- 
uals have heterogeneous certainties of belief 
in the [0,1] interval, such that aj = 0.50 cor- 
responds to an 7 with maximum uncertainty 
on the truth value of statement 7 of the m 
statements; 2; = 1 corresponds to an 7 with 
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maximum certainty that the truth value of 
statement j is true; and x = 0 corresponds to 
an 7 with maximum certainty that the truth 
value of statement j is false. A simple one-to- 
one correspondence (bijective function) exists 
between individuals’ emotive attitudes toward 
statements and their certainties of belief on 
statements. These two forms of evaluative ori- 
entation to truth statements are not the same, 
but are naturally associated. That is, the stronger 
is positive attitude toward a statement, the 
greater 7’s certainty of belief that a statement 
is true, and the stronger 7’s negative attitude 
toward a statement, the greater 7’s certainty 
of belief that a statement is false. The C is, in 
the simplest case, a m x m matrix of interde- 
pendencies among the m truth statements 


(0 < Cys 1 Vij, S" ey =1 Vi). The W is a 


n x n matrix of weights, each row 7 of which 
corresponds to individual 7’s allocations of 
weights to the n individuals’ displayed certain- 


ties of belief (0 < wy <1VU, yo wy =1 Vi). 


The A is a n x n diagonal matrix with values 


(0 say <1, Aj = 1- wy Vi) that correspond to 
individual 7’s level of openness (maximally 1) or 
closure (minimally 0) to interpersonal influences 
on 7’s certainties of belief. The supplementary 
materials contain a deeper introduction to the 
mathematical analysis of the model and refer- 
ences to publications with tests of the predic- 
tions of the interpersonal influence mechanism 
that it assumes. 

We next show how the 1992-2003 fluctuations 
of the U.S. population’s certainties of belief on 
truth statements involved in the decision to in- 
vade Iraq may be understood. During the period 
1992 to 2002, U.S. public opinion polls indicated 
that a slight majority supported an invasion of 
Iraq, and that a strong majority favored waiting 
for the conclusion of UN inspections on the status 
of Iraq’s weapons of mass destruction (19-22). 
In January 2003, President Bush’s State of the 
Union address included a threat assessment of 
Iraq’s weapons and intentions. He stated, “We 
will consult, but let there be no misunderstand- 
ing: If Saddam Hussein does not fully disarm 
for the safety of our people, and for the peace 


of the world, we will lead a coalition to disarm 


weight node allocates to “F 


C node’s time k display of certainty of belief on each of m > 1 truth statements 


ee 


attitudinal signed magnitude correspondence 


X;(k) = maximal certainty, maximal positive attitude 
x; (k) = 4 5: maximal uncertainty, neutral attitude 
X,(k) =0: minimal certainty, maximal negative attitude 


0<X,,(k) <1 


0 <Xip(k) $1 


E tensor matrix equation of belief system dynamics 


. 

<1 
J Se ee 
- 


e.g., certainty of belief on truth statement 1 
it determines certainty of belief on statements 2-4 


him.” In February 2003, Colin Powell, the highly 
respected U.S. Secretary of State and former 
Chairman of the Joint Chiefs of Staff, spoke to 
the UN Security Council. Polling just prior to the 
speech indicated that a strong majority of the 
public viewed Powell’s forthcoming speech as 
an important factor in settling their minds about 
an attack on Iraq (23). The speech (24) presented 
a logic structure on three truth statements: 

Statement 1. Saddam Hussein has a stockpile 
of weapons of mass destruction. 

Statement 2. Saddam Hussein’s weapons of 
mass destruction are real and present dangers 
to the region and to the world. 

Statement 3. A preemptive invasion of Iraq 
would be a just war. 

It was a logic structure in which high cer- 
tainty of belief on statement 1 implies high cer- 
tainty of belief on statements 2 and 3. Powell 
concluded his speech with the words, “We must 
not shrink from whatever is ahead of us. We 
must not fail in our duty and our responsibility 
to the citizens of the countries that are repre- 
sented by this body.” In March 2003, the U.S. 
government announced that “diplomacy has 


weight node allocates to other nodes 


LS Ww; weight other nodes allocate to node 
j#i 


X(k +1) = AWX(k)C"+(1-A)X(0), k =0,1,... 


(Anns Gi =1—wi Vi, ay =0Vi # Jj) 


Fig. 1. Model of belief system structure and dynamics. (A) An influence network, (B) with nodes that are allocators of influence to other nodes, (C) whose 
certainties of belief on multiple truth statements are influenceable, (D) under the condition of logical interdependencies among the statements, (E) based 
on a weighted averaging mechanism that is updating each node's certainty of belief on each truth statement. 
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failed” and that it would proceed without UN 
Security Council approval with a “coalition of 
the willing.” President Bush spoke to the Amer- 
ican public and announced Operation Iraqi 
Freedom. He stated, “The people of the United 
States and our friends and allies will not live at 
the mercy of an outlaw regime that threatens the 
peace with weapons of mass murder.” The 2003 
invasion of Iraq began a few days later. In the 
immediate March-May aftermath of the inva- 
sion, polling indicated a surge to strong majority 
support of the preemptive invasion. With the 
failure to find any evidence of weapons of mass 
destruction in Iraq, polling indicated that a 
strong majority of the public believed that the 
Iraq War was based on incorrect assumptions 
(25). In September 2005, Colin Powell acknowl- 
edged that his UN speech was based on flawed 
intelligence reports. 

Two events underlie the fluctuation of public 
opinion on the war. The first event set up a logic 
structure and a conclusion. If statement 1 is 
true, then statements 2 and 3 are true, and the 
available evidence indicates that statement 1 is 
without doubt true. The ensuing public dis- 
course elevated the belief that an invasion was 
justified. The invasion occurred. The second 
event, no weapons of mass destruction were 
found, altered the conclusion of the logic struc- 
ture. The ensuing public discourse elevated the 
belief that the invasion was unjustified. For if 
statement 1 is false, then statements 2 and 3 are 
also false, and the available evidence indicates 
that statement 1 is without doubt false. 

Applying the Fig. 1 model, consider a popu- 
lation that (i) is attentive to Powell’s UN speech 
logic structure, (ii) maximally open to interper- 
sonal influence, (iii) accepts its logic structure, 
and (iv) is connected in a regular influence net- 
work structure that allows direct or indirect flows 
of influence from every individual 7 to every in- 
dividual j of the population. If this population 
has a high certainty on statement 1, then the 
belief system dynamics will generate a consen- 
sus that a preemptive invasion is a just war for 
any distribution of certainties of belief on state- 
ments 2 and 3. And if an event occurs that proves 
statement 1 false, then the population’s certainty 
belief on all three statements will be dramatically 
lowered. 

Figure 2 illustrates the different results of 
belief dynamics with and without the logic struc- 
ture in which statements 2 and 3 certainties 
of belief depend on statement 1 certainty of be- 
lief. The colored lines distinguish individual 
temporal trajectories of belief on each of the 
three statements. Figure 2A is a population with- 
out such a logic structure. Its distinctive dis- 
tributions of certainty of belief on the three 
statements are independent. The population 
converges to consensus on each statement. A 
high-certainty consensus is reached on the truth 
of statement 1. A consensus is reached that en- 
tails near maximum uncertainty on the truth of 
statement 2. A high-certainty consensus is reached 
that statement 3 is false. Figure 2B is a population 
with the logic structure. Its distinctive distributions 
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Fig. 2. Belief heterogeneity on three truth statements is reduced by the interpersonal influ- 
ence system. The form of the reduction depends on the presence or absence of a belief constraint 
structure. (A) The three statements of belief are independent 


100 
c- (0 1 0. 
oO 1 
(B) Certainties of belief on statement 1 constrain certainties of belief on statements 2 and 3 
100 
C= ( 0) 0 
10 0 


The supplementary materials provide the technical details on this figure. 


Certainty of beliefs (independent issues) 
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Certainty of beliefs (dependent issues) 
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Fig. 3. When people are more wedded to their initial beliefs, the interpersonal influence system 
reduces, but does not eliminate, belief heterogeneity on the three statements. The form of the 
reduction depends on the presence or absence of a belief constraint structure. (A) The three statements of belief 
are independent. (B) Certainties of belief on staternent 1 constrain certainties of belief on statements 2 and 3. 
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of certainty of belief on the three statements are 
interdependent. A high-certainty consensus is 
reached that all three statements are true. 

Figure 3 relaxes the assumption that individ- 
uals’ levels of openness to interpersonal influ- 
ence are all maximal and introduces a level of 
closure to interpersonal influence that modestly 
anchors individuals on their initial beliefs. In 
contrast to the belief trajectories of Fig. 2, the 
effect of such anchorage is a maintained hetero- 
geneity of beliefs under the same conditions of 
initial belief and network connectivity that gen- 
erated the consensus results of Fig. 2. It can be 
shown that with more markedly heterogeneous 
levels of closure to influence, the evolution of 
the belief system is disorganized. 

Figures 2B and 3B elucidate the conditions 
under which substantial shifts of public opinion 
occur when a highly influenceable public accepts 
a government’s logic structure on truth state- 
ments. The next three figures illustrate alternate 
realizations of belief system dynamics on the 
same truth statements. 

Figure 4 considers an alternative system with 
the same structure as Figs. 2B and 3B, but one 
in which the influence system overrides the 


Certainty of beliefs 


implications of the logic structure. It contains 
an intransigent faction of k skeptics, maximally 
closed interpersonal influence, with identical 
and uniform low confidence (0.10) on all three 
truth statements. All other n- individuals are 
maximally open to influence. Thus, the intran- 
sigent faction is composed of individuals (i) who 
reject the n- others’ high certainty of belief on 
the truth of statement 1, (ii) who are substan- 
tially less certain on the truth of statement 2 
than the n-k others, and (iii) who are as skep- 
tical as the n-k others’ on statement 3. Figure 4 
shows that the temporal movement is toward a 
consensus of diminished confidence on state- 
ments 1 and 2. More generally, if X intransigent 
individuals have identical beliefs z = (21, 2, 23), 
then the beliefs of the open-minded individuals 
converge to the row vector zC’. In Fig. 4, the 
beliefs z; are uniform 2; = 2. = 23 = 0.10, and 
thus the whole community reaches consensus. 
For nonuniform certainties of belief of the intran- 
sigent individuals 2+ zo 23, in general zC’ zz, 
and the final beliefs of the intransigent and open- 
minded individuals may disagree. 

Figure 5 considers an alternative system with 
the same initial distribution of beliefs and influ- 


ence network as Fig. 2B, but one with a cross- 
pressure logic structure in which statements 1 and 3 
are independent competing determinants of the 
statement 2 appraisal of a real and present danger, 


1 0 8 O 
C= (oso 0 020 ) 
Oo 860 1 


The cross-pressure coefficients co; and C93 in 
row 2 of the logic structure (depending on their 
values) determine the direction and extent of 
movement of statement 2 beliefs. If the row 2 
values of this logic structure were reversed, 
Cy, = 0.20 and ¢o3 = 0.80, then the movement 
of public opinion would gravitate toward a re- 
jection of statement 2 that Saddam Hussein’s 
weapons of mass destruction are real and present 
dangers to the region and to the world. 

Our final illustration relaxes the assumption of 
a common logic structure and considers a small- 
scale system of m = 6 policy-makers engaged in 
debate on the three truth statements under the 
condition of two competing logic structures 
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ig. 4. A faction of intransigent skeptics overrides the belief constraint structure and generates a consensus that all three statements are false. 
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Fig. 5. Belief system dynamics with a cross-pressure logic structure in which statements 1 and 3 are independent competing determinants of 
the statement 2 appraisal of a real and present danger. 
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For three decision-makers, the position on 
statement 1 determines the conclusion on state- 
ments 2 and 3. For the other three decision- 
makers, their conclusion on statement 3 is not 
determined by their position on statement 1. 
Let the initial beliefs of the six policy-makers be 
consonant with initial certainties of the larger 
population of citizens in which the policy group 
is situated, 


0.96 0.56 0.16 

0.94 0.54 0.14 

_ 0.92 0.52 0.12 
= 0.88 0.48 0.08 |’ 

0.86 0.46 0.06 

0.84 0.44 0.04 


that is, each decision-maker has high certainty 
that statement 1 is true, uncertainty on the truth 
of statement 2, and high certainty that statement 
3 is false, as in our previous illustrations. If all six 
of these decision-makers are motivated to reach 
consensus, and maximally open to interpersonal 
influence, then the belief-system dynamics are 
determined by the two logic structures, C, and 
Cp, and the individuals’ W matrix of i_@i#, 7 
allocated weights to other individuals’ displayed 
positions on the statements. Let this matrix be 


0 080 0.20 0O 0 0 

050 0 0.50 O 0 0 

we 0.20 0.80 0 0 0 0 
0 080 0 0 0.10 0.10}’ 

0 080 0 010 O- 0.10 

0 080 0 0.10 0.10 0O 


where the block partition indicates that indi- 
viduals 1 to 3 are processing information based 
on the C, logic structure and individuals 4 to 6 
are processing information based _on the C, 
logic structure. Note that the ¢@ii > 9. j weights 
are dense among individuals with the same 
logic structure and that individual 2 with the 


C, logic structure is allocated disproportionate 


o od 
a 0 


o 
~~ 


Certainty of beliefs 


0.2 


weight by the five other members. The general- 
ization of the basic equation for the competing 
structures is presented as eqs. 23 and 24 in the 
supplementary materials, and we discuss the 
stability in models with multiple dependency 
constraints in supplementary text S.2.3.3. Figure 6 
shows the certainty of belief trajectories for each 
of the six individuals on each of three statements. 
With low diversity of initial opinion on each state- 
ment and an influence network in which one 
individual has high influence centrality, a con- 
sensus is rapidly reached that is consistent with 
the C, logic structure. With its dampened op- 
portunity for a vigorous debate on the merits 
of the C, decoupling of statement 3 from state- 
ment 1, this group illustrates the potential hazards 
of the “groupthink” systems (26) that have been 
associated with policy-decision fiascoes. 

In conclusion, truth statement interdepen- 
dencies matter, and their manifestations may 
be diverse when individuals are embedded in 
an interpersonal influence system that is mod- 
ifying individuals’ certainties of belief. Belief 
system dynamics depend on the topology of truth 
statements’ interdependencies and the topology 
of the influence network in which individuals 
are embedded. Interpersonal influence networks 
set up a complex system. 

Individuals’ certainties of belief may be ele- 
vated or dampened, beliefs about different ob- 
jects may be linked, and shared belief systems 
may be generated. The information environment 
to which individuals are responding by updat- 
ing their belief systems includes other individu- 
als who are displaying their certainties of beliefs 
on the same truth statements. Individuals who 
are exposed to such social information may have 
heterogeneous levels of closure or openness to 
interpersonal influence, they may vary in who is 
included in the subsets of individuals whose 
certainties of beliefs are visible to them, and they 
may vary in the weights allocated to particular 
individuals’ displayed positions. The influence 
network that is assembled by individuals’ allo- 


Periods 


cations of weights allows both direct and in- 
direct interpersonal influences on individuals’ 
certainties of belief on multiple truth statements. 

Although possible realizations of belief system 
dynamics are infinite, a parsimonious, analyti- 
cally tractable, general theory may cover them. 
Special cases include systems in which no logical 
interdependencies exist among truth statements, 
no interpersonal influences exist among individ- 
uals of the system, or no consensus is possible. 
The model posits two individual-level informa- 
tion integration processes in which a logic con- 
straint structure is nested in an interpersonal 
influence process. Dynamic information envi- 
ronments, which include information on other 
individuals’ certainties on multiple truth state- 
ments, continuously activate self-organizing cog- 
nitive consistency processes. If such continuous 
activation is a source of individual-level stress, 
then buffering defenses to the disturbances of 
the information environment may occur. Such 
individual defense responses include a reduced 
openness to interpersonal influence, a restruc- 
turing of the allocated weights to sources of 
information, or a flight into a local environment 
in which the individual is exposed only to self- 
confirming information. Currently, the model 
does not consider such defense responses. The 
mathematics of the model allow a calibration of 
the influence network and logic constraint struc- 
tures of a population; that is, an inference on 
what logic structure is consistent with observed 
trajectories of belief. 

Belief system dynamics occur in both large- 
scale populations and in small groups. Their 
implications are especially potent in the debates 
that arise in small policy groups, whose decisions 
affect the collective actions of governments and 
other organizations and, in turn, the security and 
welfare of numerous individuals. The hazard 
rate of policy fiascoes may be reduced with a 
more detailed attention to (i) structural features 
of small-group interpersonal influence systems 
and (ii) applications of formal rules of debate 


Fig. 6. Belief system dynamics in a small policy group of six individuals engaged in debate on the three truth statements under the condition of 
two competing logic structures. In one, the position on statement 1 determines the conclusion on statements 2 and 3. In the other, the conclusion on 
statement 3 is not determined by the position on statement 1. With its quick dismissal of the latter, this group illustrates the “groupthink” systems that have 


been associated with policy-decision fiascoes. 
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that can regulate these systems. The field of 
science on this is in its infancy. 
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PLANKTON DYNAMICS 


Physiological and ecological drivers 
of early spring blooms of a 
coastal phytoplankter 


Kristen R. Hunter-Cevera,' Michael G. Neubert,’ Robert J. Olson,’ Andrew R. Solow,” 


Alexi Shalapyonok,’ Heidi M. Sosik’* 


Climate affects the timing and magnitude of phytoplankton blooms that fuel marine food 
webs and influence global biogeochemical cycles. Changes in bloom timing have been 
detected in some cases, but the underlying mechanisms remain elusive, contributing to 
uncertainty in long-term predictions of climate change impacts. Here we describe a 13-year 
hourly time series from the New England shelf of data on the coastal phytoplankter 
Synechococcus, during which the timing of its spring bloom varied by 4 weeks. We show that 
multiyear trends are due to temperature-induced changes in cell division rate, with earlier 
blooms driven by warmer spring water temperatures. Synechococcus loss rates shift in 
tandem with division rates, suggesting a balance between growth and loss that has persisted 
despite phenological shifts and environmental change. 


arine phytoplankton account for one-half 

of global primary production. Of consid- 

erable interest and concern is how cli- 

mate change may affect this production. 

Increased temperature, ocean acidifica- 
tion, and altered nutrient delivery all have the 
potential to affect phytoplankton dynamics, in- 
cluding the timing and magnitude of blooms, 
which can dominate seasonal productivity (J, 2). 
There is evidence of current and ongoing changes 
in plankton phenology (3-5), with potentially 
substantial ecological consequences for marine 
systems (6). 

Recently, there has been uncertainty about the 
detection of trends in phytoplankton biomass 
and how possible trends relate to climate change 
(7-9). The uncertainty arises in part from dif- 
ficulties in species-level detection of phytoplank- 
ton. Many studies use bulk measurements that 
reflect a composite of the phytoplankton com- 
munity (J0). These measurements (such as chlo- 
rophyll concentration) can mask taxon-specific 
changes and obscure the mechanisms that gov- 
ern responses to climate change. Another chal- 
lenge lies in the need to observe and measure 
phytoplankton at appropriate time scales to elu- 
cidate those mechanisms. Ecological interactions 
and physiological responses of phytoplankton are 
rapid (on the order of minutes to hours). To ade- 
quately capture population dynamics, we must 
sample at this frequency, but also for extended 
durations because identification of seasonal, year- 
ly, or decadal trends requires time series of these 
lengths. 

We address this lack of temporal and taxo- 
nomic resolution for the picophytoplankter Syn- 
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echococcus by using observations of individual 
cells and their properties from an automated sub- 
mersible flow cytometer, FlowCytobot (FCB) (11) , 
deployed at the Martha’s Vineyard Coastal Ob- 
servatory (MVCO). FCB has been deployed at 
MVCO since 2003, with year-round observations 
beginning in 2007. The data consist of a 13-year 
time series of hourly measurements of Szynecho- 
coccus concentration and cell properties. 

At MVCO, Synechococcus concentration ex- 
hibits a strong seasonal cycle, with low concentra- 
tions in winter and early spring, followed by a 
two- to three-order-of-magnitude bloom event in 
late spring (Fig. 1A). The population fluctuates 
around a slowly declining trend during sum- 
mer and early fall and then declines sharply in 
late fall. Although this classic pattern (12) is 
stable from year to year, we found that the 
timing of the spring bloom varied by up to 4 weeks 
within our time series, and in particular we 
noted a trend of earlier blooms from 2003 to 
2012 (~20-day advance) and later blooms from 
2013 to 2015. We quantified these shifts by 
determining the day of the year at which the 
concentration first exceeds threshold concen- 
tration levels (Fig. 2B and fig. $1). Concurrent 
observations of temperature (Fig. 1D) show 
that earlier blooms coincide with warmer spring 
conditions (Fig. 2A and fig. S2). For each degree 
increase of the mean temperature in April, the 
spring bloom advances 4 to 5 days. The water at 
MVCO has been warming (fig. $3) in a manner 
consistent with the multidecadal trend in this 
region (13). Large seasonal and interannual var- 
jiations are superimposed on these warming trends. 

Numerous studies have identified correlations 
between temperature and Synechococcus con- 
centration across a range of ocean conditions 
(12, 14-17). In particular, there is evidence that 
the spring bloom begins in northeast U.S. and 
Canadian waters when the temperature exceeds 
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~6°C (12, 18). In addition, studies with cultured 
isolates have shown that Synechococcus physiol- 
ogy is temperature-dependent (19, 20). However, 
in situ evidence of a direct link between cell di- 
vision rates and temperature is limited (72, 19, 20). 

To understand the mechanism underlying the 
phenology shifts at MVCO, it is necessary to sep- 


arate contributions from cell division and cell 
loss. Traditional methods for doing so require 
labor-intensive measurements (2/, 22) that are 
impractical to sustain over months and years. 
Instead, we used a method that exploits the diel 
variations in the cell size of Synechococcus (17) 
(fig. S4). Cells typically increase in volume dur- 


ing daylight hours as they photosynthesize and 
then decrease in volume in the evening through 
cell division. By fitting a matrix population mod- 
el to the size-distribution time series, it is pos- 
sible to accurately estimate daily population 
division rates for Synechococcus (17). The same 
method also works well for other phytoplankton 
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Fig. 3. Relationship between division rates and 
temperature between 1 February and 15 June 
for all data points (2003-2016). Colors indicate 
day of the year. The solid line is the relationship 
between the weekly climatology of division rate 
and the weekly climatology of temperature. The 
dashed line is the relationship between the weekly 
climatology of loss rate and the weekly climatol- 
ogy of temperature. 


species (23, 24). The model relies only on changes 
in cell size and not on changes in cell concen- 
tration, which are often decoupled from division 
rate (fig. S4) as a result of cell loss or advection. 
Isolating the contribution of cell division is crit- 
ical, because the net population growth rate is 
typically much lower than the division rate as 
a result of the tight coupling between primary 
producers and consumers in planktonic ecosys- 
tems (25). In combination with sustained, high- 
resolution in situ observations, this model makes 
it possible to produce the multiyear records of 
daily division rate (Fig. 1B) that are required to 
understand phenological shifts. 
Model-estimated division rates reflect a com- 
posite response of the entire Synechococcus 
population. Natural populations are often com- 
posed of more than one Synechococcus type, 
and multiple genotypes are known to coexist at 
MVCO (26, 27). Types can differ in physiolog- 
ical characteristics, such as temperature growth 
response or tolerance (20). Nonetheless, we find 
that Synechococcus division rates exhibit a pro- 
nounced seasonality, suggesting strong environ- 
mental drivers for the entire population. The 
division rate is as low as 0.1 day’ in winter and 
as high as 1.4 day” in spring (Fig. 1B), increasing 
rapidly after water temperature exceeds ~5°C 
(Fig. 3). The increase slows or stops once water 
temperature reaches ~16°C in spring. The shape 
of the relationship between temperature and divi- 
sion rate strongly resembles that of the relation- 
ship for cultured Synechococcus (19, 20). During 
spring, a single clade-I genotype makes up the 
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majority of the population (26). A cultured MVCO 
isolate belonging to this clade exhibits the same 
relationship between division rate and tempera- 
ture as we report here for the natural population 
(7) (fig. S5). No other environmental factor (light 
or nutrients) shows such a strong relationship 
with in situ division rate in spring (fig. S6). Toge- 
ther, these results support the view that temper- 
ature is the main factor limiting Synechococcus 
division during late winter and spring (7). 

Our second main result is that the phenolog- 
ical shifts of the spring bloom are caused by 
temperature-induced shifts in the timing of the 
division rate increase (fig. S2). Specifically, the 
date at which population growth potential (com- 
puted as the integrated division rate for each day 
in spring; methods and fig. S7) reached threshold 
values advanced over the warming period 2003- 
2012 but retreated when spring temperatures 
cooled in 2013-2015 (Fig. 2C). The record-warm 
conditions in 2012 mark a transition between 
periods of advancing and retreating that are co- 
incident across threshold crossings for spring 
temperature, Synechococcus concentration, and 
integrated division rate. In conjunction with the 
temperature dependence of the division rate in 
spring (Fig. 3), this result supports the conclu- 
sion that shifts in the timing of spring blooms 
reflect a direct physiological response to shifts 
in the onset of seasonal warming. 

If division rates were the only factor affecting 
bloom phenology, we would expect not only a 
shift in timing, but also a change in the rate of 
increase in cell concentration. In fact, only the 


timing has shifted, whereas the rate of increase 
in cell concentration has not changed systemati- 
cally (Fig. 2B). The stability of the bloom trajectory 
suggests that population losses have also shifted 
in tandem with growth (Fig. 2D and fig. $7). To 
illustrate this, we calculated bulk Synechococcus 
loss rates by subtracting the division rate from 
the net growth rate. The loss rates closely track 
division rates in magnitude over the entire time 
series (Fig. 1C), but during the spring bloom, the 
loss rate is on average ~ 0.15 day~' lower than the 
division rate (Fig. 4A). It is this slight imbalance 
persisting for several months that leads to a 
steady blooming phase. The narrow margin by 
which Synechococcus can essentially “outgrow” 
their losses in spring makes this a critical time 
for cells to accumulate. 

Our third main result, that loss rates closely 
track division rates, suggests that the dominant 
losses are biological (e.g., viral lysis and grazing) 
rather than physical in nature. It is unlikely that 
advection of spatial patches, for instance, would 
produce this tight correspondence year after year. 

Beyond the connection to climate, our find- 
ings provide important insights into the ways 
that physiology and environmental factors inter- 
act to control phytoplankton blooms, a classic 
problem that has been the subject of recent 
controversy (28). Considering bulk properties of 
phytoplankton, Behrenfeld and Boss (29) have 
recently argued that, despite decades of study, 
no evidence has emerged linking bloom dynamics 
to physiological factors that regulate phytoplank- 
ton division rates. This led them to conclude that 
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bloom dynamics depend principally on the im- 
pact of consumers, a long-recognized control of 
phytoplankton abundance (30). Our findings for 
Synechococcus agree with those of Behrenfeld 
and Boss in so far as division rates (and, by in- 
ference, loss rates) are roughly 10 times the accu- 
mulation (net growth) rates. Our results differ, 
however, in that we find a significant positive 
correlation between division and accumulation 
rates over the course of the spring bloom (Fig. 4, 
B and C). This correlation was not detected by 
Behrenfeld and Boss, and perhaps should not be 
expected to be evident in the satellite-based ob- 
servations of chlorophyll concentration that they 
analyzed (29). Those observations aggregate the 
entire phytoplankton community over a relatively 
large region of the ocean and mask individual 
responses of different taxa. 

Our observations, made at a much smaller 
spatial scale and with much finer taxonomic and 
temporal resolution than that of satellite data, 
reveal a connection between division rates and 
the bloom dynamics of Synechococcus. Consum- 
ers (including grazers, viruses, and parasites) cer- 
tainly play a major role in shaping the bloom’s 
trajectory, but the bloom is triggered by an en- 
vironmental factor, the seasonal temperature rise, 
which leads to increases in the Synechococcus 
division rate (Fig. 3). The bloom persists until the 
division rate plateaus (Fig. 4B), at which point 
losses overtake division and the bloom begins 
to decline. 

We were able to diagnose the importance of 
temperature in regulating the dynamics of a ubiq- 
uitous marine primary producer, Synechococcus, 
by exploiting a 13-year time series comprising 
data on millions of individual cells and their traits. 
This allowed us to not only quantify the relation- 
ship between temperature and cell division in a 
natural population, but also to document how that 
relationship is the basis for a dramatic phenolog- 
ical shift affecting both Synechococcus and their 
consumers. It remains to be seen whether this 
ecological coupling will hold as warming trends 
continue in the decades to come. 
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BIOMASS PROCESSING 


Formaldehyde stabilization facilitates 
lignin monomer production during 
biomass depolymerization 


Li Shuai,’ Masoud Talebi Amiri,’ Ydna M. Questell-Santiago,’ Florent Héroguel,* 
Yanding Li,”*? Hoon Kim,”* Richard Meilan,° Clint Chapple,°® 


John Ralph,”’?** Jeremy S. Luterbacher™* 


Practical, high-yield lignin depolymerization methods could greatly increase biorefinery 
productivity and profitability. However, development of these methods is limited by the 
presence of interunit carbon-carbon bonds within native lignin, and further by formation 
of such linkages during lignin extraction. We report that adding formaldehyde during 
biomass pretreatment produces a soluble lignin fraction that can be converted to guaiacyl 
and syringyl monomers at near theoretical yields during subsequent hydrogenolysis 

(47 mole % of Klason lignin for beech and 78 mole % for a high-syringyl transgenic poplar). 
These yields were three to seven times those obtained without formaldehyde, which 
prevented lignin condensation by forming 1,3-dioxane structures with lignin side-chain 
hydroxyl groups. By depolymerizing cellulose, hemicelluloses, and lignin separately, 
monomer yields were between 76 and 90 mole % for these three major biomass fractions. 


ignin is an abundant natural polymer, ac- 

counting for 15 to 30 weight % (wt %) of 

lignocellulosic biomass (J, 2). Unlike cellu- 

lose and hemicellulosic polysaccharides, 

the other major constituents of biomass, 
lignin primarily consists of methoxylated phenyl- 
propanoid (guaiacyl and syringyl) subunits. This 
structure gives lignin an energy density 30% 
greater than that of polysaccharide polymers 
and makes it one of the few natural large-scale 
sources of aromatic compounds (3, 4). These 
properties make lignin-derived monomers use- 
ful precursors for renewable aromatic chemicals 
and drop-in fuels (3, 4). 


The longstanding interest in lignin valorization 
has translated into few commercial processes 
because of the lack of practical high-yield lignin 
depolymerization methods that can be used 
while upgrading biomass polysaccharides. Prom- 
ising biorefinery fractionation or pretreatment 
processes—such as those using water (5), alcohol 
(6), tetrahydrofuran (THF) (7), ionic liquids (IL) 
(8), and y-valerolactone (GVL) (9, 10)—use high 
temperatures and/or inexpensive mineral acids 
(such as H2SO, and HCl) that facilitate the re- 
moval of lignin and hemicelluloses (5, 77). A large- 
scale source of lignin could likely come from a 
process using these technologies (4). However, the 
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use of acid and/or high temperatures during 
lignin extraction leads to severe and irreversible 
condensation that dramatically affects its up- 
grading. Specifically, under the extraction condi- 
tions, lignin ether bonds are cleaved, and stable 
carbon-carbon (C-C) bonds are formed. The 
proposed mechanism involves the formation of 
highly reactive lignin side-chain (benzylic) carbo- 
cations that attack electron-rich lignin aromatic 
rings (Fig. 1A) (72, 13). 

The most prevalent lignin depolymerization 
strategy is the direct hydrogenolysis of native 
lignin in biomass. Such processes usually in- 
volve mixing a heterogeneous metal catalyst 
with solid untreated biomass in a batch reactor, 
cleaving ether bonds in near theoretical yields 
to produce ~45 to 55 mole % (mol %) of mono- 
mers, along with enzyme-digestible pulps (14-17). 
Issues such as catalyst recovery and mass trans- 
fer limitations have nevertheless restricted the 
large-scale implementation of this method. The 
hydrogenolysis of extracted lignin could avoid 
these drawbacks and be implemented in a con- 
tinuous process. However, the use of extracted 
lignin has led to monomer yields of typically 5 to 
20 mol %, which is 3 to 10 times lower than those 
obtained from direct hydrogenolysis of native 
lignin due to the lignin degradation and con- 
densation experienced during extraction (Fig. 1A) 
(8, 19). Oxidation of benzylic hydroxyl groups on 
cellulolytic enzyme lignin (CEL) (extracted from 
biomass by means of ball-milling and repeated 
enzymatic steps), followed by formic acid-catalyzed 
B-aryl ether cleavage, resulted in near theoretical 
yields of lignin monomers (50 mol %, ~61 wt % 
because of added oxygen) (20). However, large- 
scale quantities of uncondensed CEL lignin are 
currently impossible to produce industrially. The 
use of GVL as a solvent for extracting lignin from 
corn (Zea mays) stover was shown to partially 
conserve lignin’s B-ether bonds owing to its abil- 
ity to solubilize lignin under mild conditions 
(21). Even this method led to yields below 70% 
of theoretical for corn stover and below 40% for 
maple (Acer spp.) wood, presumably because of 
lignin condensation reactions that occurred dur- 
ing its extraction (21). 

Extracting a soluble and uncondensed lignin 
substrate during biomass pretreatment could 
facilitate the production of lignin monomers and 
be compatible with current biorefining strat- 
egies. The major challenge in developing such a 
process is to prevent interunit C-C coupling 
during extraction (Fig. 1A). Our strategy was to 
attempt to block the reactive benzylic positions 
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with a protecting agent during pretreatment. 
We report here that using formaldehyde (FA) 
to stabilize lignin during extraction leads to 
near theoretical yields of lignin monomers after 
hydrogenolysis of the extracted product. These 
yields were three to seven times higher than 
those obtained when using the analogous method 
without FA (Fig. 1). Evidence suggests that FA 
actually hinders the formation of C-C linkages 
through two mechanisms. First, in an acidic, 
water-deficient environment, FA reacts to form 
a stable six-membered 1,3-dioxane (acetal) struc- 
ture with the 1,3-diols (and their a- and y-hydroxyl 
groups) on lignin side-chains (Fig. 1B), blocking 
the formation of benzylic cations. Second, the 
electron-rich positions at the positions ortho or 
para to methoxyl groups on the aromatic ring 
are the most reactive for electrophilic aromatic 
substitution by (protonated) FA to form hydroxy- 
methyl groups, blocking these reactive positions. 

For initial tests, we used a model lignin dimer 
(veratrylglycerol-B-guaiacyl ether, VG, 1) (Fig. 2A), 
representing the predominant phenol-etherified 
B-O-4-linked (8-aryl ether) units with their char- 
acteristic and available o- and y-hydroxyl groups 
(22). Without FA, 1 depolymerized to form 3 
and 4 through 2, as was consistent with a prior 
report (Fig. 2, A and C) (12). The low yield of 3 
(40%) compared with 4 (95%) after '7 hours was 
likely due to condensation reactions similar to 
those observed with real lignin. In the presence 
of FA, 1 was rapidly converted to 5 and 6 (Fig. 2, 
B and D). Comparison of two-dimensional het- 
eronuclear single-quantum coherence nuclear 
magnetic resonance (2D HSQC NMR) spectra 
of pure 1 and the derived products obtained in 
the presence of FA (Fig. 2, E and F) revealed the 
formation of the 1,3-dioxane structures [FA- 
derived C/H pairs in Fig. 2 are colored in red; two 
pairs of peaks are seen for all of the product’s C/H 
correlations for the two (syn and anti, or threo 
and erythro) isomers], with chemical shift data 


matching those previously reported for 1 and 
the free-phenolic analogs of the acetals 5 (23). 

After the acid treatment of 1, as in a typical 
biomass fractionation process, a hydrogenoly- 
sis step was performed to produce monomers 
(22). Using the products from the reaction with- 
out FA, 3 was quantitatively converted to vera- 
trylpropyl compounds 7 (Fig. 2A and fig. S1, B, 
C, and D), with the low overall yields (43%) 
confirming the loss of over half of the product 
3 to condensation products before hydrogenol- 
ysis. In contrast, hydrogenolysis of the product 
mixture obtained in the presence of FA produced 
veratrylpropyl compounds 8 in 85% yield along 
with 87% for guaiacyl compounds 9 (Fig. 2B and 
fig. S1). This substantial increase in yield with FA 
addition (85 versus 43%) reflects the stabilizing 
effect that FA has on real lignin (Fig. 1). 

We observed the hydroxymethylation of aro- 
matic rings with FA via the additional ring meth- 
ylation in several VG 1 reaction products (8 and 
9) and when reacting several lignin monomers 
with FA followed by hydrogenolysis (fig. S2). 
Hydroxymethylation appears to act as a second- 
ary lignin stabilization mechanism, as demon- 
strated with condensation studies using vanillyl 
alcohol, which can polymerize like lignin but 
cannot form a dioxane structure with FA (22). 

We used beech (Fagus grandifolia) wood (par- 
ticle size, <0.45 mm; moisture content, 5.7%) to 
test the effect of FA during the extraction of real 
lignin using similar reaction conditions (22). 
HSQC spectra from lignin extracted in the pres- 
ence of FA (Fig. 3A, right) revealed the pres- 
ence of the 1,3-dioxane structures analogous to 
those observed with model compounds (Fig. 2F). 
Without FA addition, no dioxane structure sig- 
nals were observed, and signals characteristic 
of the native lignin side-chains were also absent 
(Fig. 3A, left). This disappearance was consist- 
ent with the results of previous studies of lignin 
condensation (24, 25). In addition, the color of 
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Fig. 1. Lignin monomer production by extraction followed by hydrogenolysis. (A) Lignin extraction, 
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represent interunit C—C linkages. 
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the lignin obtained in the presence of FA was 
substantially lighter than that obtained in its 
absence, serving as a qualitative indicator of 
reduced condensation (fig. S3). We also tested 
the effect of FA in a similar manner using an 
extremely high-S poplar, to be described below. 
In this case, all of the features of the 1,3-dioxane- 
derivatized and purified lignin, along with some 
hydroxymethylation of the ring, could be read- 
ily discerned and assigned with the aid of mod- 
el compounds run under the same conditions 
(Fig. 3B). 
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Lignin monomer identification and quanti- 
fication are described extensively in the sup- 
plementary materials (22). Five major lignin 
monomers were identified in the products with- 
out FA addition, or from the direct hydrogenol- 
ysis of native lignin (Fig. 3, C and D, and fig. S4), 
that were all consistent with previous reports 
(16). With FA addition, five additional methyl- 
ated monomers were identified (Fig. 3, C and 
D, and figs. S4 and S5) (22). The addition of 
FA did not substantially affect lignin removal, 
but final monomer yields after hydrogenolysis 


OH 


Be: CH20H 
Hydrogenolysis i 


of the extracted lignin were remarkably elevated 
(Fig. 3B). Without FA addition, hydrogenolysis 
of the extracted lignin resulted in a monomer 
yield of 7%, which is consistent with previous 
studies (26). With FA addition, the highest yield 
was 47% after hydrogenolysis of the extraction 
liquor (Fig. 3B). We attribute the increased mono- 
mer yield obtained with FA primarily to the 
same stabilization mechanism observed with 
the model lignin dimer (Figs. 1 and 2). This yield 
(47%) was comparable with the yield of 48% 
obtained through direct hydrogenolysis of the 
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Fig. 3. Production of lignin monomers from lignocellulosic biomass. (A) 2D HSQC NMR spectra of lignin extracted from beech wood in the absence and 
presence of FA. Signals attributed to diformyl-xylose (fig. S6) are highlighted in light purple. (B) The same extraction by using high-syringyl F5H-poplar (after a 
precipitative purification of the lignin, right), and assignments from authentic syringyl model compounds for the produced dioxanes. (C) Lignin monomer yields 
from beech wood (table S1, entries 1 to 5). (D) Lignin monomer yields from high-syringyl F5H-poplar (table S1, entries 14, 15, 16, and 22). 


wood (14, 16) and with the yields obtained by 
using established lignin monomer analysis meth- 
ods, including derivatization followed by reductive 
cleavage (DFRC) (27) and nitrobenzene oxida- 
tion (NBO) (fig. $7) (28). 

We applied this method to softwood (spruce, 
Picea abies) (particle size, <1.5 mm; moisture con- 
tent, 6.6%) and obtained a yield of 21%—the same 
yield obtained with direct hydrogenolysis (table 
S1). These relatively low monomer yields are con- 
sistent with previous reports using softwoods 
(15, 16) and likely are due in part to the higher 
native levels of interunit C-C linkages in soft- 
woods as compared with hardwoods. 
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Our strategy for improving lignin monomer 
yields is to hinder the formation of C-C linkages 
during lignin extraction. Thwarting the produc- 
tion of such linkages by altering the native lignin 
could further increase yields (3, 29). Overexpres- 
sion of the ferulate 5-hydroxylase gene in poplar 
(Populus spp., F5H-poplar) (particle size, <1 mm; 
moisture content, 6.7%) yields lignin that has a 
high content of syringyl units (98.3%) and reduced 
native interunit C-C linkages (88.8% B-O-4 link- 
ages, 4.2% B-1 linkages, and 7.1% B-f linkages) 
(fig. S8). Because of the high-S nature of this lig- 
nin, there was a simpler array of major products, 
and using FA stabilization, we obtained lignin 


Notes: *in MeOH 
Sin neutral liquor 


#with acidified liquor 


monomer yields of up to 78% after hydrogenol- 
ysis of the extracted substrate (Fig. 3D). This yield 
was comparable with that obtained through di- 
rect hydrogenolysis of F5H-poplar (77%). In con- 
trast, a monomer yield of only 24.5% was obtained 
from its native wood lignin without FA addition. 
Furthermore, monomer selectivities from the 
isolated soluble F5H-poplar lignin were quan- 
titative, which was confirmed with gel perme- 
ation chromatography of the lignin before and 
after hydrogenolysis. After hydrogenolysis, the 
broad lignin oligomer peak (molecular weight ~ 
2900 g/mol) had disappeared, and essentially 


only a single monomer peak remained (fig. S9). 
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Fig. 4. Mass balance of polysaccharide (glucan and xylan) and lignin fractions of biomass. (A) Beech wood (table Sl, entry 3). (B) F5H-poplar 
wood (table Sl, entry 16). The corresponding reaction conditions are summarized in table S3. 


These advantages illustrate the potential benefits 
of optimizing lignin biosynthesis for improved 
lignin valorization. 

Selectively hydrogenating only the extracted 
upgradeable lignin, as opposed to recalcitrant 
lignin and other biomass derivatives, could fa- 
cilitate continuous processing and increase the 
selective use of H, by avoiding the hydrogena- 
tion of recalcitrant lignin or other biomass frac- 
tions. FA-extracted lignin can also be converted 
to monomers at 150°C (instead of 250°C) if acid 
is present to break the 1,3-dioxane ring struc- 
ture (Fig. 3C); direct hydrogenolysis of F5H- 
poplar at 150°C under neutral conditions leads 
to negligible monomer production. Under acidic 
conditions, direct hydrogenolysis leads to lower 
yields (48 versus 60%) than with FA extraction 
(table S1) and to substantial loss of the poly- 
saccharide fraction of biomass (table S2). The 
comparison demonstrates the advantages of 
using FA-extracted lignin to generate mono- 
mers separately from the polysaccharides at 
low hydrogenolysis temperatures. 

In contrast to direct biomass hydrogenolysis, 
extracting a soluble stabilized lignin fraction be- 
fore its hydrogenolysis is compatible with most 
polysaccharide depolymerization approaches. 
With FA present, 40% of xylan was dehydrated 
into furfural, and 50% reacted with FA to form 
diformyl-xylose (structure given in Fig. 3A and 
fig. S6), which could be converted back to xylose 
under aqueous acidic conditions (Fig. 4 and sup- 
plementary materials, section $2.3) (22). High 
yields of glucose (80%) were obtained after en- 
zymatic hydrolysis of the leftover solids, which 
required further treatment in an aqueous dilute 
acid solution (1 wt % H2SO,) to remove grafted 
FA on the surface of substrates (supplementary 
materials, section S2.3) (22). Therefore, the treat- 
ment of beech wood under acidic conditions 
in the presence of FA leads to overall yields of 
47% lignin monomers (theoretical yield for its 
B-ether content), 80% glucose, 40% furfural, and 
50% xylose (90% overall yield from xylan) (Fig. 4A). 
With F5H-poplar, yields of 78% lignin monomers, 
76% glucose, 14% furfural, and 75% xylose (89% 
overall yield from xylan) were obtained. 
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These results suggest that lignin upgrading 
could be easily integrated into current biorefi- 
nery schemes, especially considering that FA 
is a relatively inexpensive bulk chemical that 
can be produced from biomass-derived syngas 
or methanol, either sourced biologically or from 
lignin methoxyl groups (/4). Furthermore, we 
estimated that FA consumed for stabilizing lig- 
nin represented ~1.9 wt % of the original bio- 
mass, with the remaining FA being recoverable 
(supplementary materials, section S2.4) (22). 
Studies with “C-labeled FA demonstrated that 
FA consumed by lignin ended up either as methyl 
groups on the lignin aromatic rings or as meth- 
ane after hydrogenolysis (supplementary mate- 
rials, section $2.4) (22). Although processes exist 
for converting methane back to FA, we estimated 
that the cost of replacing FA would be 9% of the 
cost of monomers (supplementary materials, sec- 
tion $2.4) (22). 
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PALEONTOLOGY 


A Silurian maxillate placoderm 
illuminates jaw evolution 


Min Zhu,”?* Per E. Ahlberg,?* Zhaohui Pan,”” Youan Zhu,” Tuo Qiao,’ Wenjin Zhao,’ 


Liantao Jia,’ Jing Lu" 


The discovery of Entelognathus revealed the presence of maxilla, premaxilla, and dentary, 
supposedly diagnostic osteichthyan bones, in a Silurian placoderm. However, the 
relationship between these marginal jaw bones and the gnathal plates of conventional 
placoderms, thought to represent the inner dental arcade, remains uncertain. Here we 
report a second Silurian maxillate placoderm, which bridges the gnathal and maxillate 
conditions. We propose that the maxilla, premaxilla, and dentary are homologous to the 
gnathal plates of placoderms and that all belong to the same dental arcade. The 
gnathal-maxillate transformation occurred concurrently in upper and lower jaws, predating 
the addition of infradentary bones to the lower jaw. 


acromeric dermal skeletons incorporat- 

ing jaw bones are found in the clade 

Osteichthyes (bony fishes and tetrapods) 

and the paraphyletic group Placodermi 

Gawed stem gnathostomes). Osteichthyans 
have a maxilla, premaxilla, and dentary, all with 
facial laminae, whereas placoderms have sup- 
posedly nonhomologous gnathal plates that lack 
facial laminae. Entelognathus from the Late Si- 
lurian (Ludlow) Xiaoxiang vertebrate fauna (J, 2) 
of Yunnan, China, revealed the presence of max- 
illa, premaxilla, dentary, and infradentaries (3-7) 
in a vertebrate with a dermal skeleton otherwise 
typical of placoderms (2, 8). Phylogenetic analyses 
place Entelognathus near the top of the gnatho- 
stome stem group, but it is uncertain whether 
the apparent homology of the jaw bones in 
Entelognathus and osteichthyans is supported by 
phylogenetic congruence (2, 8-17). Here we de- 
scribe a second maxillate placoderm from the 
Xiaoxiang fauna (Figs. 1 and 2; figs. S1 to $7; 
and fig. S8, A and B), which illuminates the evo- 
lution of the dermal jaw (72-15), resolves the 
phylogenetic uncertainty around Entelognathus, 
and provides a comparative context for the bizarre 
facial morphology of the latter genus. 

The holotype of Qilinyw rostrata (gen. et sp. 
nov.) (16) (Fig. 1 and figs. S2 to S4) represents a 
three-dimensionally preserved fish. It is 126 mm 
in length as preserved, with an estimated total 
body length of more than 20 cm. In general terms, 
Qilinyu combines arthrodire-like and antiarch- 
like characteristics (17-24). 

The most conspicuous feature of Qilinyw is 
its moderately developed rostrum in front of 
the domed cranial vault, which is suggestive 
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of a dolphin-like head profile. Apart from this 
rostrum and the presence of two pairs of post- 
orbital plates and paired central plates, the skull 
roof is similar to that of Entelognathus (2). The 
mouth and nostrils are located on the flattened 
ventral surface of the head. The eyes of Qilinyu 
are small and laterally positioned. Unlike in 
Entelognathus, the sclerotic ring is not fused 
with the skull roof and dermal cheek. 

The maxilla and premaxilla (Figs. 1 and 2A 
and figs. S1 to S5) bear both facial and palatal 
laminae, as in Entelognathus (2). There are no 
dermal bones internal to them in the oral cav- 
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ity. Immediately behind the upper jaw in the 
holotype, the perichondrally ossified Meckelian 
cartilage (Fig. 1, B and D and figs. S2B and S4A) 
is preserved in articulation with the mouth closed. 
No dermal lower jaw bones are preserved in 
the holotype. However, in specimen V20733.1 
(Fig. 2A and figs. S5, D and E, and S6G), an L- 
shaped dentary bone in internal aspect is pre- 
served, slightly displaced. A further four dentaries 
preserved in external aspect (Fig. 2, B and C, 
and fig. S6, C to F) show a tuberculate area 
with three divisions (palatal lamina, facial lam- 
ina, and a depressed posterior division bearing 
smaller tubercles) and a posterolateral unorna- 
mented process. Left and right dentaries do not 
meet in the midline; a “step” in the anterior 
margin of the Meckelian cartilage marks the 
position of the mesial extremity of the dentary. 
Infradentaries are absent. 

The dermal cheek, opercular region, and trunk 
armor show a combination of characteristics 
shared with Entelognathus (for example, the pres- 
ence of a jugal) (2) and antiarchs (the absence of 
an opercular cartilage) (22, 25), as well as distinct 
features (three median dorsal plates) (Fig. 1, A and 
Cand figs. S1; S2; S5, D and E; and S6B). For a full 
description, see the supplementary text. The long 
trunk armor and flattened ventral surface create a 
somewhat antiarch-like appearance. 

Qilinyu provides the first detailed evidence 
of paired appendages in maxillate placoderms. 
The pectoral fin is covered by minute scales re- 
sembling the trunk scales of some early anti- 
archs (26). The anterolateral margin of the scale 
cover appears to be the true leading edge of the 
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Fig. 1. Qilinyu rostrata (gen. et sp. nov.), a 423-million-year-old fish from the Kuanti Formation 
(late Ludlow, Silurian) of Qujing, Yunnan. (A to C) Holotype V20732, a three-dimensionally preserved 
specimen with skull and trunk armor, shown in dorsal (A), ventral (B), and lateral (C) views. (D) Skull in 
ventral view, as revealed by the computed microtomography restoration of the holotype. (E) Life res- 
toration. Scale bars, 5 mm. 
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blade 


blade 


Fig. 2. Dentary specimens of Qilinyu rostrata 
(gen. et sp. nov). (A) Part of an articulated spec- 
imen (V20733.2) in ventral view, showing the slight- 
ly displaced dentary. (B and C) Ventral view of 
dentaries of specimens V20735.2 (B) and V20735.1 
(C). de.d, depressed area of dentary; de-f, facial 
lamina of dentary; de.p, palatal lamina of dentary; 
no, nostril. Scale bars, 10 mm. 


fin, but considering the hydrodynamic balance 
of the fish, we assume that the fin must have 
had a broad posterodistal brim without scale 
cover (Fig. 1E and fig. S1). The pelvic fin (Fig. 1B 
and fig. S2B) is also covered by minute scales 
and located immediately behind the ventral wall 
of the trunk armor. A large plate medial to the 
pelvic fin is interpreted as the dermal pelvic 
plate (fig. S2B). 

Maximum parsimony and Bayesian inference 
analyses, using a data set with 372 characters 
and 104 taxa, place Qilinyu consistently as the 
sister group of Entelognathus, Janusiscus, and 
crown gnathostomes (Fig. 3, figs. S9 to S11, and 
data S1 and S2). According to the Bayesian anal- 
ysis (fig. S11), the antiarchs, with which Qilinyu 
shares many similarities, are positioned at the 
base of jawed vertebrates, successively followed 
by Brindabellaspis (27), Romundina (9), and the 
Jagorina-Gemuendina clade (18), all of which 
bear dorsal nasal openings positioned near the 
eyes. However, this phylogenetic resolution at the 
base of jawed vertebrates is lost in the maximum 
parsimony analysis (figs. S9 and S10). 

Qilinyu expands our understanding of max- 
illate placoderms, previously represented only by 
Entelognathus (2). Qilinyu has a different body 
shape, with a ventrally positioned mouth and 
nostrils that are suggestive of a benthic feeder. 
The immobile eyes of Entelognathus are absent 
in Qilinyu, which has small and apparently mo- 
bile eyes of conventional placoderm type. Most 
importantly, the character combination of Qilinyu 
and its phylogenetic position as the most basal 
maxillate vertebrate illuminate the relationship 
between the marginal jaw bones of osteichthyans 
and the gnathal plates of placoderms (17-19, 22). 
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Fig. 3. Summary phylogeny showing the transformation of the dermal jaw bones from a gnathal 
to a maxillate condition. This phylogeny is simplified from the strict consensus tree of the 1248 most 
parsimonious trees (fig. S10). co, coronoid series; de, dentary; dp, dermopalatine series; id, infradentary; 
lg, infragnathal; ju, jugal; mc, Meckelian cartilage; mdl to md3, first to third median dorsal plate; mx, 
maxilla; op, opercular; pmx, premaxilla; pq, palatoquadrate; Sg, supragnathal; s.s., sensu stricto. Brown 
body color, jawless stem gnathostome (ostracoderm); green body color, jawed stem gnathostome 
(placoderm); blue body color, crown gnathostome. Red arrows, mouth position; purple arrow- 


heads, division between head and trunk armor. 


Entelognathus and Qilinyu have maxillae and 
premaxillae that carry broad palatal laminae. 
This contrasts with the crown-group osteichthyan 
condition, where these bones essentially lack pal- 
atal laminae (6, 19). The dentary of Entelognathus 
has only a narrow biting edge, whereas that of 
Qilinyu has a narrow palatal lamina. Again, the 
crown osteichthyan condition is a biting edge. 
We infer that the maxilla, premaxilla, and den- 
tary all originally had laminae that extended 
into the oral cavity and were lost prior to the 
osteichthyan crown group node. 

Neither Entelognathus nor Qilinyu has any 
dermal jaw bones internal to the marginal ar- 
cade. Both holotypes have the mouth wholly or 
partly closed, showing that this is a genuine 
absence and not a taphonomic loss. Placoderms 
typically carry one dermal bone on the Meckelian 
cartilage (infragnathal), one on the palatoqua- 
drate (posterior supragnathal), and one on the 


ethmoid (anterior supragnathal) (17-24, 28). These 
bones lack facial laminae and have been homol- 
ogized with the inner dental arcade (coronoids, 
ectopterygoids, dermopalatines, and vomers) of 
osteichthyans (2, 17, 18, 22). However, in number 
and anteroposterior position relative to the man- 
dibular arch, they actually resemble the dentary, 
maxilla, and premaxilla; the osteichthyan inner 
arcade always contains a greater number of bones. 
In Entelognathus and Qilinyu, the inner arcade is 
absent and the marginal bones carry oral laminae 
that—especially in the upper jaw—correspond 
precisely in position to the gnathal plates of plac- 
oderms. The only major difference is that the 
marginal jaw bones of Entelognathus and Qilinyu 
have facial laminae, whereas placoderm gnathal 
plates do not. 

We are thus faced with two alternative ho- 
mology hypotheses. The traditional identifica- 
tion of the placoderm gnathals with the inner 
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dental arcade (2, 17, 18, 22) implies that the three 
gnathals were lost at the internode between 
arthrodires and Qilinyu and replaced with three 
new bones that occupied essentially the same 
positions but were slightly more external. Al- 
ternatively, if the gnathals are identified with 
the outer dental arcade, these bones remained 
in place and acquired facial laminae. Given the 
overall pattern stability of the dermal skeleton, 
the second hypothesis seems more probable. It 
also does not require the inner dental arcade to 
be acquired in placoderms, lost in Qilinyu and 
Entelognathus, and then reevolved in osteichthyans. 
In any case, the boundary between inner and outer 
arcades is not completely rigid: For example, in 
the early tetrapod Discosauriscus, the posterior 
coronoid (a bone of the inner arcade) contributes 
to the external face of the lower jaw (29). 

Under our new hypothesis, the dermal jaw 
bones form part of the overall pattern conser- 
vation of the dermal skeleton from placoderms 
to osteichthyans (2, 4). In their earliest form, the 
gnathal plates seen, for example, in antiarchs 
and arthrodires were entirely oral and lacked 
facial laminae. Facial laminae were acquired at 
the internode below Qilinyw. Between Qilinyu 
and Entelognathus, the dentary lost its oral lam- 
ina, and the lower jaw acquired an external cover- 
ing of infradentary bones. Between Entelognathus 
and crown osteichthyans, the maxilla and pre- 
maxilla lost their palatal (i.e., oral) laminae, and 
a new inner arcade of coronoids, ectopterygoids, 
dermopalatines, and vomers evolved. 

This picture of gradual transformation under- 
scores the emerging view of osteichthyans as 
the more conservative clade of crown gnathos- 
tomes (2, 9-11, 30), contrasting with the histor- 
ically dominant perception of chondrichthyans 
as primitive and informative about ancestral 
gnathostome conditions (17, 18). We predict 
that future discoveries from the Xiaoxiang fauna 
will continue to fuel the debate about jawed 
vertebrate origins and challenge long-held be- 
liefs about their evolution. 
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EVOLUTION 


Predictable convergence in hemoglobin 
function has unpredictable 
molecular underpinnings 


Chandrasekhar Natarajan,’ Federico G. Hoffmann,” Roy E. Weber,* Angela Fago,” 


Christopher C. Witt,* Jay F. Storz’* 


To investigate the predictability of genetic adaptation, we examined the molecular basis of 
convergence in hemoglobin function in comparisons involving 56 avian taxa that have contrasting 
altitudinal range limits. Convergent increases in hemoglobin-oxygen affinity were pervasive among 
high-altitude taxa, but few such changes were attributable to parallel amino acid substitutions 

at key residues. Thus, predictable changes in biochemical phenotype do not have a predictable 
molecular basis. Experiments involving resurrected ancestral proteins revealed that historical 
substitutions have context-dependent effects, indicating that possible adaptive solutions are 
contingent on prior history. Mutations that produce an adaptive change in one species may 
represent precluded possibilities in other species because of differences in genetic background. 


fundamental question in evolutionary ge- 
netics concerns the extent to which adapt- 
ive convergence in phenotype is caused by 
convergent or parallel changes at the mo- 
lecular sequence level. This question has 
important implications for understanding the in- 
herent repeatability (and, hence, predictability) 
of molecular adaptation. One especially powerful 
approach for addressing this question involves 
the examination of phylogenetically replicated 
changes in protein function that can be traced 
to specific amino acid replacements. If adaptive 
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changes in protein function can only be pro- 
duced by a small number of possible mutations 
at a small number of key sites—representing 
“forced moves” in genotype space—then evolu- 
tionary outcomes may be highly predictable. 
Alternatively, if adaptive changes can be produced 
by numerous possible mutations—involving dif- 
ferent structural or functional mechanisms, but 
achieving equally serviceable results—then evolu- 
tionary outcomes may be more idiosyncratic 
and unpredictable (1-4). The probability of rep- 
licated substitution at the same site in different 
species may be further reduced by context- 
dependent mutational effects (epistasis), because 
a given mutation will only contribute to adaptive 
convergence if it retains a beneficial effect across 
divergent genetic backgrounds (4). 

To assess the pervasiveness of parallel molec- 
ular evolution and to investigate its causes, we 
examined replicated changes in the oxygenation 
properties of hemoglobin (Hb) in multiple bird 
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Fig. 1. Amino acid differences that distinguish the Hbs of each pair of high- and low-altitude taxa. Derived (nonancestral) amino acids are shown in red 
lettering, and rows corresponding to high-altitude taxa are shaded in blue. Subunits of the major HbA isoform are encoded by the a’ and p“-globin genes, whereas those 
of the minor HbD isoform are encoded by the «- and B“-globin genes. Phylogenetically replicated B-chain replacements that contribute to convergent increases in 


Hb-O> affinity (N/G83S, A86S, D94E, and A116S) are outlined. Single-letter abbreviations for the amino acid res' 
Phe; G, Gly; H, His; |, lle; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, Gln; R, Arg; S, Ser; T, Thr; V, Val; and Y, Tyr. 


species that have independently colonized high- 
altitude environments. Specifically, we tested wheth- 
er high-altitude taxa have convergently evolved 
derived increases in Hb-O, affinity, and we as- 
sessed the extent to which such changes are at- 
tributable to parallel amino acid substitutions. 
We performed comparisons of Hb function in 56 
avian taxa making up 28 pairs of high- and low- 
altitude lineages (table S1). The comparisons in- 
volved pairs of species or conspecific populations 
that are native to different altitudes. 

Under severe hypoxia, an increased Hb-O, 
affinity can help sustain tissue O, delivery by 
safeguarding arterial O. saturation while simul- 
taneously maintaining the pressure gradient for 
O. diffusion from capillary blood to the tissue 
mitochondria, so altitude-related changes in Hb 
function likely have adaptive relevance (5, 6). 
Evolutionary increases in Hb-O, affinity can be 
caused by amino acid mutations that increase in- 
trinsic O, affinity and/or mutations that suppress 
the sensitivity of Hb to the inhibitory effects of 
allosteric effectors such as Cl ions and organic 
phosphates (5, 7). 
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In a highly influential paper on biophysical 
mechanisms of protein evolution, Perutz (7) pre- 
dicted that adaptive changes in functional proper- 
ties of vertebrate Hb are typically attributable to 
“a few replacements at key positions.” According 
to Perutz, amino acid substitutions that can be 
expected to make especially important contribu- 
tions to evolutionary changes in Hb-O, affinity 
involve heme-protein contacts (affecting intrinsic 
heme reactivity), intersubunit contacts (affecting 
the oxygenation-linked, allosteric transition in 
quaternary structure), and binding sites for allo- 
steric effectors (7). If Perutz is correct that adaptive 
modifications of Hb function are typically attribut- 
able to a small number of substitutions at key po- 
sitions, then it follows that the same mutations will 
be preferentially fixed in different species that have 
independently evolved Hbs with similar functional 
properties. For example, in high-altitude vertebrates 
that have convergently evolved elevated Hb-O affi- 
nities, Perutz’s hypothesis predicts that parallel 
amino acid substitutions should be pervasive. 

Most bird species express two tetrameric (0282) 
Hb isoforms in adult red blood cells: (i) the major 


idues are as follows: A, Ala; C, Cys; D, Asp; E, Glu; F, 


hemoglobin A (HbA) isoform, which incorporates 
a-chain products of the o“globin gene, and (ii) the 
minor HbD isoform, which incorporates products 
of the closely linked «?-globin gene. Both iso- 
forms share the same f-chain subunits. By clon- 
ing and sequencing the adult-expressed globin 
genes, we identified all amino acid differences 
that distinguish the Hbs of each pair of high- 
and low-altitude taxa. The comparative sequence 
data revealed phylogenetically replicated replace- 
ments at numerous sites in the o*-, a?-, and B4- 
globins (Fig. 1 and figs. S1 and $2). 

After identifying the complete set of Hb sub- 
stitutions that distinguish each pair of high- and 
low-altitude taxa, we experimentally assessed how 
many of the replicated amino acid replacements 
actually contributed to convergent changes in Hb 
function. To characterize the functional mecha- 
nisms that are responsible for evolved changes in 
Hb-O, affinity, we measured Pso (the Oz partial 
pressure at which Hb is 50% saturated) of purified 
Hbs in the presence and absence of Cl ions and 
the organic phosphate inositol hexaphosphate 
(IHP) (8). We focus on measures of Ps, in the 
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Fig. 2. Convergent increases in Hb-O2 affinity in high-altitude Andean birds. (A) Plot of Psockci+iHP) 
(4 1 SE) for HbA in 28 matched pairs of high- and low-altitude taxa. Data points that fall below the 
diagonal line (x = y) denote cases in which the high-altitude member of a given taxon pair possesses a 
higher Hb-Oz affinity (lower Ps). Comparisons involve replicated pairs of taxa, so all data points are 
phylogenetically independent. (B) Plot of Psocxci+inpy (+ 1 SE) for the minor HbD isoform in a subset of 
the same taxon pairs in which both members of the pair express HbD. PsocKcisiHp), O2 partial pressure at 
which Hb is 50% saturated in the presence of chloride and inositol hexaphosphate. 
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Fig. 3. Phenotypic effects of substitutions at B83 are conditional on genetic background. (A) The 
engineered G83S mutation produced a significant reduction in Psockcisinpy (increase in Hb-O> affinity) in 
the reconstructed Hb of the hummingbird ancestor. (B) The engineered A67V and N83S mutations 
produced additive reductions in Psockci+iHp) in the reconstructed Hb of the flowerpiercer ancestor. 
Underlining indicates derived (nonancestral) amino acids. (©) Diagrammatic tree with time-scaled 
branch lengths showing internal nodes that we targeted for ancestral protein resurrection. Scale bar, 
10 million years. (D) N/G83S mutations produced significant increases in Hb-Oz affinity (expressed as 
reductions in Psockci+iHpy) in the ancestors of hummingbirds and flowerpiercers. Substitutions at the 
same site produced no detectable effects in Anc Neoaves or Anc Neornithes. 
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presence of Cl and IHP, because this experimen- 
tal treatment is most relevant to in vivo condi- 
tions in avian red blood cells. 

HbD exhibited uniformly higher O, affinities 
than HbA in all examined taxa (table S2), con- 
sistent with results of previous studies (9-13). 
This consistent pattern of isoform differentiation 
suggests that up-regulating the expression of HbD 
could provide a ready means of increasing blood 
O, affinity. However, our results demonstrate that 
this regulatory mechanism does not play a general 
role in hypoxia adaptation, because there was 
no consistent trend of increased HbD expression 
among high-altitude taxa (Wilcoxon signed-rank 
test, Z = -0.775, P = 0.441, n = 26; table S3 and 
fig. S3). 

Phylogenetically independent comparisons in- 
volving all 28 taxon pairs revealed that highland 
natives have generally evolved an increased Hb-O, 
affinity relative to that of their lowland coun- 
terparts, a pattern that is consistent for both 
HbA (Wilcoxon’s signed-rank test, Z = -4.236, P < 
0.0001, n = 28; Fig. 2A and table S2) and HbD 
(Z = -2.875, P = 0.0041, n = 20; Fig. 2B and table 
$2). In all pairwise comparisons in which the 
high-altitude taxa exhibited significantly higher 
Hb-O, affinities (2 = 22 taxon pairs for HbA and 
15 taxon pairs for HbD), the measured differences 
were almost entirely attributable to differences 
in intrinsic O, affinity, rather than differences in 
sensitivity to Cl or IHP (table S4). Thus, geneti- 
cally based increases in Hb-O, affinity were not 
generally associated with a diminution of alloste- 
ric regulatory capacity (i.e., O2 affinity could still 
be modulated by erythrocytic changes in anion 
concentrations), in contrast to the case with some 
high-altitude mammals (5, 14, 15). 

Results of experiments based on both native 
Hb variants and engineered, recombinant Hb 
mutants revealed that only a subset of replicated 
replacements actually contributed to convergent 
increases in Hb-O, affinity in high-altitude taxa 
(table S5). These include replicated replacements 
at just four B-chain sites: N/G83S, A86S, D94E, 
and A116S. 8116 is an o,f; intersubunit contact, 
and £94 plays a key role in allosteric proton 
binding; neither of the other replicated replace- 
ments—and few of the affinity-enhancing non- 
replicated replacements—involved heme contacts, 
intersubunit contacts, or canonical binding sites 
for allosteric effectors. 

Our experiments revealed a striking pattern 
of convergence in the oxygenation properties of 
Hb in high-altitude natives (Fig. 2, A and B), and, 
in several cases, convergent increases in Hb-O, 
affinity were caused by parallel substitutions at 
key residues that mediate protein allostery (e.g., 
D94E in the B-chains of high-altitude ground doves 
and waterfowl; Fig. 1 and table S5). However, in 
the majority of cases, convergent increases in 
Hb-O, affinity were attributable to nonreplicated 
substitutions and/or parallel substitutions at 
sites that are not considered “key residues” (e.g., 
N/G83S in the B-chains of high-altitude humming- 
birds and flowerpiercers; Fig. 1). Clearly, evolution- 
ary increases in Hb-O, affinity can be produced 
by amino acid substitutions at numerous sites. 
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These findings expose a clear demarcation be- 
tween the realms of chance and necessity at 
different hierarchical levels. At the level of bio- 
chemical phenotype, and even at the level of func- 
tional mechanism, evolutionary changes are highly 
predictable. At the amino acid level, in contrast, 
predictability breaks down. 

In addition to the many-to-one mapping of 
genotype to phenotype, the phylogenetic dis- 
tribution of affinity-enhancing parallel substitu- 
tions suggests another possible explanation for 
the limited contribution of such substitutions to 
convergent functional changes in the Hbs of dis- 
tantly related species. The most striking functional 
parallelism at the amino acid level was concen- 
trated in the hummingbird clade. Replicated G83S 
substitutions contributed to convergent increases 
in Hb-O, affinity in multiple high-altitude hum- 
mingbird species (table S5 and fig. S4) (6), and 
a convergent substitution at the same site (N83S) 
occurred in one other (nonhummingbird) high- 
altitude species: the black-throated flowerpiercer, 
Diglossa brunneiventris. One possible explanation 
for this phylogenetically concentrated pattern 
of parallelism is that the mutation’s phenotypic 
effect is conditional on genetic background, so 
the same mutation produces different effects in 
different species. 

To test this hypothesis, we used ancestral 
sequence reconstruction in combination with 
site-directed mutagenesis to test the effect of B83 
substitutions in a set of distinct genetic back- 
grounds. We first resurrected HbA of the common 
ancestor of hummingbirds (“Anc hummingbird”) 
(figs. S5 to S7), and we confirmed that G83S has 
a significant affinity-enhancing effect on this an- 
cestral genetic background (Fig. 3A). This result is 
consistent with the affinity-enhancing effect of 
G83S in numerous descendant lineages of high- 
altitude hummingbirds (table S5 and fig. S4). In 
similar fashion, we resurrected HbA of the com- 
mon ancestor of the high- and low-altitude flo- 
werpiercers (“Anc flowerpiercer”) to test the effect 
of N83S (fig. $7). Hbs of the two flowerpiercers 
differed at two sites because of substitutions in 
the D. brunneiventris lineage (V67A in o“-globin, 
in addition to N83S in B“-globin; Fig. 1). We there- 
fore synthesized a total of four recombinant Hb 
mutants, representing each possible genotypic 
combination of the two substituted sites, to mea- 
sure the relative contributions of V67A and N83S 
to the evolved increase in Hb-O, affinity in 
D. brunneiventris (table S2 and fig. S4). The 
tests showed that both mutations increased 
Hb-O, affinity in an additive fashion (Fig. 3B). 
We then engineered the same N83S mutation 
into resurrected ancestral Hbs representing two 
far more ancient nodes in the avian phylogeny: 
the reconstructed common ancestor of Neoaves 
(“Anc Neoaves”) and the common ancestor of 
all extant birds (““Anc Neornithes”) (Fig. 3C and 
figs. S5, S7, S8, and S9). In contrast to the highly 
significant effects of N/G83S in hummingbird and 
flowerpiercer Hbs, N83S produced no detectable 
effect in Anc Neoaves or Anc Neornithes (Fig. 3D 
and table S6). The ancestral hummingbird and 
flowerpiercer Hbs contained 18 and 32 amino 
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acid states, respectively, that were not present in 
Anc Neornithes (fig. S7), representing net sequence 
differences that accumulated over a ~100-million- 
year time period. The context-dependent effects 
of N/G83S indicate that lineage-specific substi- 
tutions in the ancestry of hummingbirds and 
flowerpiercers produced a genetic background 
in which mutations at B83 could contribute to 
an adaptive increase in Hb-O, affinity. This adap- 
tive solution was apparently not an option in the 
deeper ancestry of birds and may also represent 
a precluded possibility in contemporary, high- 
altitude members of other avian lineages. 

These findings reveal a potentially important 
role of contingency in adaptive protein evolu- 
tion. In different species that are adapting to 
the same selection pressure, the set of possible 
amino acids at a given site that have uncondi- 
tionally beneficial effects may be contingent on 
the set of antecedent substitutions that have 
independently accumulated in the history of each 
lineage. Consequently, possible options for adapt- 
ive change in one species may be foreclosed op- 
tions in other species. 
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ENZYMOLOGY 


The biosynthetic pathway of 
coenzyme F430 in methanogenic and 
methanotrophic archaea 


Kaiyuan Zheng, Phong D. Ngo, Victoria L. Owens, 


Xue-peng Yang,* Steven O. Mansoorabadit 


Methyl-coenzyme M reductase (MCR) is the key enzyme of methanogenesis and anaerobic 
methane oxidation. The activity of MCR is dependent on the unique nickel-containing 
tetrapyrrole known as coenzyme F430. We used comparative genomics to identify the 
coenzyme F430 biosynthesis (cfb) genes and characterized the encoded enzymes from 
Methanosarcina acetivorans C2A. The pathway involves nickelochelation by a nickel-specific 
chelatase, followed by amidation to form Ni-sirohydrochlorin a,c-diamide. Next, a primitive 
homolog of nitrogenase mediates a six-electron reduction and y-lactamization reaction before 
a Mur ligase homolog forms the six-membered carbocyclic ring in the final step of the 
pathway. These data show that coenzyme F430 can be synthesized from sirohydrochlorin 
using Cfb enzymes produced heterologously in a nonmethanogen host and identify several 
targets for inhibitors of biological methane formation. 


ethanogenic archaea are a major player 
in the global carbon cycle, producing 
nearly 1 billion metric tons of methane 
annually (J, 2). The terminal step of 
methanogenesis is catalyzed by methyl- 
coenzyme M reductase (MCR) and involves the 
conversion of coenzyme B (CoB-SH) and methyl- 
coenzyme M (MeS-CoM) to the mixed hetero- 
disulfide CoB-S-S-CoM and methane (3) (Fig. 1). 


MCR uses the unique nickel-containing tetra- 
pyrrole coenzyme F430 to carry out its catalytic 
function (4) (Fig. 1). Recently, anaerobic meth- 
anotrophic archaea (ANME) have been shown 
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PLANT PHOTOBIOLOGY 


Photoactivation and inactivation of 
Arabidopsis cryptochrome 2 
Qin Wang,»?* Zecheng Zuo,!?* Xu Wang,’?* Lianfeng Gu,! Takeshi Yoshizumi,* 


Zhaohe Yang,’ Liang Yang,”* Qing Liu,””? Wei Liu,? Yun-Jeong Han,” Jeong-I Kim,” 
Bin Liu,® James A. Wohlschlegel,’ Minami Matsui,* Yoshito Oka,’*+ Chentao Lin”?+ 


Cryptochromes are blue-light receptors that regulate development and the circadian clock 
in plants and animals. We found that Arabidopsis cryptochrome 2 (CRY2) undergoes blue 
light-dependent homodimerization to become physiologically active. We identified BIC1 
(blue-light inhibitor of cryptochromes 1) as an inhibitor of plant cryptochromes that binds 
to CRY2 to suppress the blue light-dependent dimerization, photobody formation, 
phosphorylation, degradation, and physiological activities of CRY2. We hypothesize that 
regulated dimerization governs homeostasis of the active cryptochromes in plants and 


other evolutionary lineages. 


he Arabidopsis genome encodes two crypto- 

chromes (CRYs), CRY1 and CRY2, which act 

as photoreceptors mediating blue-light inhib- 

ition of hypocotyl elongation and long-day 

(LD) stimulation of floral initiation (7-4). CRYs 
regulate light responses by interacting with CRY 
signaling partners, such as CIBs (cryptochrome- 
interacting basic helix-loop-helixes) and COP1/ 
SPA (constitutive photomorphogenic 1/suppressor 
of PhyA-105), to regulate blue light-responsive 
gene expression changes and photophysiology 
responses (5-7). Homodimers are the physio- 
logically active form of plant CRYs, but it has 
remained unclear how light affects CRY dimer- 
ization or photoactivation (8, 9). Photoactivated 
CRYs are also expected to undergo inactivation 
to maintain sustainable photosensitivity of the 
cell, which may be accomplished by thermal re- 
laxation or other mechanisms (JO). 

We reasoned that identification of possible 
negative regulators of CRYs may help to eluci- 
date the photoactivation and inactivation mech- 
anisms of CRYs. We therefore screened for such 
genes in the Arabidopsis FOX (full-length cDNA 
overexpressing gene hunting system) library, which 
contains transgenic lines individually overex- 
pressing about 10,000 independent full-length 
Arabidopsis cDNAs (11). We identified multiple 
FOX lines (bicID-I, bic1D-2, and bicID-3) that 
overexpress the same gene and exhibit similar 
phenotypes resembling that of the cryIcry2 mu- 
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tant (72), including blue light-insensitive hypo- 
cotyl growth, reduced blue-light stimulation of 
anthocyanin accumulation and gene expression, 
and delayed floral initiation in LD photoperiod 
(Fig. 1 and figs. S1 and S2). The corresponding 
FOX gene was identified and referred to as BIC 
(Blue-light Inhibitor of Cryptochromes 1, At3G52740), 
which has an Arabidopsis homolog referred to 
as BIC2 (At3G44450) (fig. $3). BIC] and BIC2 ap- 
pear to be nuclear proteins (fig. S4). 

Independent transgenic lines overexpressing 
various BIC fusion proteins under control of ei- 
ther the constitutive promoters or the respective 
BIC promoters recapitulated the light-insensitive 
phenotypes of the BIC1-overexpressing FOX lines 
and the cryIcry2 mutant (Fig. 1 and fig. S1). The 
bicI and bic2 monogenic mutants showed no ob- 
vious phenotypic alterations, whereas the bicIbic2 
double mutant and the BJC RNA interference 
lines exhibited phenotypes mimicking that of 
the CRY-overexpressing plants (Fig. 1 and figs. 
$2, S5, and S6), which suggests that BIC1 and 
BIC2 act redundantly to inhibit the function 
of CRYs. Analyses of the genetic interactions 
between the B/C and CRY genes support this 
hypothesis (fig. S7): Neither biclbic2 mutation 
nor BIC overexpression altered the blue light- 
insensitive phenotypes of the cryIcry2 mutant 
(fig. S7, D to F), whereas overexpression of BIC1 
or BIC2 effectively suppressed the blue light- 
hypersensitive phenotype of plants overexpress- 
ing CRY2 (fig. S7G). 

The crylcry2 mutation and BICI1 overexpres- 
sion caused similar transcriptome changes in re- 
sponse to blue light (Fig. 2 and table S2), which 
suggests that BICs inhibit early photoreactions of 
CRYs. As reported previously (13-16), CRY1 and 
CRY2 underwent blue light-dependent phospho- 
rylation and the phosphorylated CRY2 was de- 
graded rapidly (Fig. 3, A to E, and fig. S8, upshifted 
bands). However, neither blue light-dependent 
phosphorylation of CRYs nor blue light-dependent 
degradation of CRY2 (15, 16) was detected in the 
plants overexpressing BIC1 or BIC2 (Fig. 3, A to 
E, and fig. $8); hence, BICs inhibit CRY phos- 


phorylation. Consistent with those results, the 
bicIbic2 mutant plants grown in blue or white 
light accumulated lower levels of CRY2 (Fig. 1, G 
to J), which seems physiologically hyperactive 
because the bicibic2 mutant is hypersensitive to 
blue light (Fig. 1, A to C). The BIC-overexpressing 
plants grown in blue or white light accumulated 
higher levels of CRY2 (Fig. 1, G to J), which appears 
mostly inactive because the BIC-overexpressing 
plants are insensitive to blue light (Fig. 1, A to C). 
BICs also inhibit the blue light-induced for- 
mation of CRY2 photobodies (Fig. 3 and fig. S9), 
which is another early photoreaction of CRY2 
(17-19). Figure 3 shows that CRY2-YFP (CRY2 
fused to yellow fluorescent protein) formed photo- 
bodies within 60 s of blue-light exposure in the 
nucleus of the wild-type Arabidopsis protoplasts, 
whereas no CRY2-YFP photobodies were detected 
in the protoplasts overexpressing BIC1 or BIC2 
after blue-light illumination for up to 60 min (Fig. 
3, F and H). In both darkness and light, BIC1 in- 
teracted with CRY2 in yeast or HEK293T (human 
embryonic kidney) cells via the conserved CRY- 
interacting domain of BIC1 and the photolyase 
homologous region of CRY2 (Fig. 4, B and F, and 
fig. S10). The results of the coimmunoprecipita- 
tion (co-IP) experiments indicate that blue light 
enhances BIC1-CRY2 interaction in plants. BIC1 
coimmunoprecipitated CRY2 in seedlings exposed 
to blue light, but little BICI-CRY2 complex was 
coprecipitated in the dark (Fig. 4A). This obser- 
vation suggests that BIC1 might interact with 
photoexcited CRY2 to inhibit its activity. 
Homodimers are the physiologically active form 
of plant CRYs (8, 9), but the effect of light on CRY 
dimerization has not been detected in previous 
studies (9, 20). This could be explained by, among 
other interpretations, light-independent CRY di- 
merization or masking effects of regulatory pro- 
teins, such as BICs, on the light-dependent CRY 
dimerization (9, 20). We reexamined the blue- 
light dependence of CRY2 dimerization using 
multiple approaches. In the first experiment, 
we coexpressed Flag-CRY2 and Myc-CRY2 in 
HEK293T cells (27-24) and tested the interaction 
between the two differentially tagged CRY2s by 
co-IP assay. In the absence of blue light, antibody 
to Flag coprecipitated little Myc-CRY2 from 
HEK293T cells expressing similar amounts of 
Flag-CRY2 and Myc-CRY2 (Fig. 4B and fig. S12A). 
In contrast, antibody to Flag coprecipitated in- 
creasing amounts of Myc-CRY2 from HEK293T 
cells exposed to blue light for 10 to 120 min, 
thereby demonstrating the light-dependent CRY2 
homodimerization in the absence of BIC or other 
plant proteins (Fig. 4B and fig. S12A). In a control 
experiment, human CRYs (hCRY1 and hCRY2) 
exhibited light-independent dimerization (Fig. 
4C and fig. S12D), which appears consistent with 
the light-independent activity of hCRYs in cultured 
HEK293T cells (25). The blue light-dependent 
CRY2 dimerization was also detected by the two- 
hybrid assay in yeast cells (fig. S11) and the bimo- 
lecular fluorescence complementation (BiFC) assay 
in Arabidopsis protoplasts (Fig. 3, G and I, and fig. 
S9). The BiFC assays revealed a more complex 
behavior of the intermolecular interaction of CRY2: 
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Fig. L BIC1 and BIC2 suppress the functions of Arabidopsis cryptochromes. 
(A) Five-day-old seedlings overexpressing BIC1 (bic1D-1) or BIC2-GFP (BIC2- 
GFP) and crylcry2 or biclbic2 mutant seedlings grown in continuous blue 
light (4 umol ms) or dark; WT, wild type. (B) Hypocotyl lengths of 5-day- 
old seedlings grown under continuous blue light with fluence rates of 0.1 to 
100 umol m~* s7}. (C) Hypocotyl lengths of indicated genotypes grown 
in the dark (D), under blue light (B; 10 wmol m~* s~}), under red light (R; 
10 umol m~? s~4), or under far-red light (FR; 5 umol m-* s-}) for 5 days. 


The BiFC signal resulting from the interaction 
between nYFP-CRY2 (N terminus of YFP fused to 
CRY2) and cCFP-CRY2 (C terminus of cyan fluores- 
cent protein fused to CRY2) was detected regardless 
of blue-light treatment, whereas the fluorescent 
photobodies resulting from the interaction between 
nYFP-CRY2 and cCFP-CRY2 were detected only 
after blue-light treatment (Fig. 3, Gand I, and fig. S9). 

Because photoexcited CRY2 is known to oligo- 
merize into photobodies (18, 19, 23, 24), it is 
possible that in darkness nYFP-CRY2 and cCFP- 
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CRY2 interact weakly in a manner sufficient to 
reconstitute the fluorescent BiFC signal but in- 
sufficient to enable oligomerization of CRY2 into 
photobodies. In response to blue light, nYFP- 
CRY2 and cCFP-CRY2 may interact with higher 
affinity to reconstitute not only the fluorescent 
BiFC signals but also fluorescent photobodies. 
To test this interpretation, we used co-IP assays to 
examine effects of blue light on CRY2 dimerization 
or oligomerization in plants coexpressing GFP-CRY2 
(CRY2 fused to green fluorescent protein) and 
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(D) Plants of indicated genotypes grown in LD photoperiods (16 hours 
light, 8 hours dark) for 31 days. (E and F) Days to flowering (E) and number 
of rosette leaves at the time of flowering (F) of the indicated genotypes 
grown in LD. (G to J) Immunoblots of samples prepared from seedlings grown 
in continuous blue light (30 pmol m~* s~4) (G), LD photoperiods (H), darkness 
(I), or continuous red light (30 umol ms) (J) for 6 or 9 days were probed 
with antibodies to CRY2, GFP, or HSP90 (loading control). Data in (B), (C), (E), 
and (F) are means + SD (n > 20); **P < 0.01. 


Myc-CRY2 (Fig. 4D). Antibody to GFP copreci- 
pitated little Myc-CRY2 in etiolated seedlings, 
whereas the same antibody coprecipitated abun- 
dant Myc-CRY2 in etiolated seedlings exposed to 
blue light for 5 to 10 min (Fig. 4D). Similarly, the 
blue light-specific CRY2 homodimerization was 
also detected in adult plants (fig. S12B). We con- 
clude that the high-affinity CRY2 dimerization is 
a photoreaction in plant cells. 

We next investigated the effects of BIC1 on 
blue light-dependent CRY2 dimerization using 
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Fig. 2. CRY and BIC regulate similar transcriptome changes in response 
to blue light. (A) Venn diagram depicting overlaps among blue light-regulated, 
CRY-regulated, and BIC-regulated genes determined by RNA sequencing. Five-day- 
old etiolated seedlings were exposed to blue light (20 pmol m-* s~) or kept in the 
dark for 2 hours. The blue light—-regulated genes are defined as those that showed a 
factor of >2 change of MRNA [fold change (FC) > 2, P< 0.01, false discovery rate < 
0.01; see table S2 for details] between light- and dark-treated wild-type plants. The 
blue light-regulated genes that showed 200% reduction of FC or changed sig- 
nificance to P > 0.01 in crylcry2 or bic1D-1 are defined as CRY-regulated and BIC- 
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Fig. 3. BIC1 and BIC2 inhibit early photoreactions of cryptochromes. 
(A and B) BIC1 inhibits blue light-dependent phosphorylation of CRY1 and 
CRY2 and blue light-dependent degradation of CRY2. Immunoblots of sam- 
ples prepared from 7-day-old etiolated seedlings (WT, wild type; +BIC1, BIC1- 
overexpressing) exposed to blue light (30 pmol m™* s~4) for the indicated 
times were probed with antibodies to CRY1, CRY2, or HSP90 (loading control). 
Arrowheads indicate upshift bands of the phosphorylated CRYs. (C to E) Quan- 
tification of band intensities, showing CRY phosphorylation [(C), CRYIPi/CRY1; 
(D), CRY2Pi/CRY2] or CRY2 degradation [(E), CRY2®/CRY2°]. (F) BIC inhibition 
of CRY2 photobodies. Protoplasts isolated from 4-week-old plants of indicated 
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regulated genes, respectively; those that showed similar change in both crylcry2 
and bic1D-1 are defined as CRY- and BIC-regulated (“CB-reg”) genes. (B) Scatter- 
plot showing plots of log2 (FC) of wild-type (x axis) versus log2 (FC) of crylcry2 or 
bic1D-1 (y axis). The dashed lines indicate log2 (FC) = 1 and -1. The colored dots 
(see key at top) indicate up-regulated or down-regulated genes not co-regulated by 
CRY and BIC1 (“Non CB-reg”) and genes that are co-regulated by CRY and BIC1 
(“CB-reg”). (C and D) Hierarchical clustering (GENE-E) of the change of expression 
of blue light-induced genes (C) and blue light-repressed genes (D) detected in the 
indicated genotypes. Scale bars at top indicate relative expression levels of MRNA. 
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genotypes were transfected to express CRY2-YFP, exposed to blue light 
(20 umol ms) for O to 60 min, fixed in 1% formaldehyde, and examined by 
a fluorescence microscope. Scale bar, 5 um. (G) BiFC assay showing the blue 
light-independent (dispersed fluorescence) and blue light-dependent (photo- 
bodies) interactions between nYFP-CRY2 and cCFP-CRY2. Protoplasts trans- 
fected to express nYFP-CRY2 and cCFP-CRY2 were exposed to blue light and 
analyzed as in (F). (H) The CRY2-YFP photobody of the experiment shown in 
(F) was digitized and quantified; 30 nuclei per sample were counted, and the 
percentage of protoplasts containing photobodies was calculated (+SD; n = 3). 
(I) Same as (H) but for the nYFP-CRY2/cCFP-CRY2 photobody shown in (G). 


the multiple assays described above. We first 
examined dimerization of Flag-CRY2 and Myc- 
CRY2 in HEK293T cells coexpressing BIC1. Figure 
4B shows that in the cells coexpressing BIC1, 
antibody to Flag coprecipitated only residual Myc- 
CRY2 even after blue-light treatment for up to 
120 min, thereby demonstrating that BIC1 sup- 
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presses blue light-dependent CRY2 dimeriza- 
tion. The specificity of BIC1 inhibition of CRY2 
dimerization is verified by the result that CIB1, 
which also interacts with photoexcited CRY2 
(6, 26), did not inhibit blue light-dependent CRY2 
dimerization (Fig. 4E). The BIC1 inhibition of blue 
light-dependent CRY2 dimerization was also de- 


tected by the trihybrid assay in yeast cells (fig. S11) 
and by the BiFC photobody assay in Arabidopsis 
cells (Fig. 3, G and I, and fig. S9). Because phys- 
iologically active CRY2 dimers or oligomers are 
expected to interact with their signaling partners, 
such as CIB1 and SPAI (7), we used co-IP assays to 
test the effects of BIC] on the blue light-dependent 
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Fig. 4. BIC1 interacts with CRY2 to inhibit blue light-dependent CRY2 
dimerization and CRY2-CIB1 interaction. (A) Seven-day-old etiolated seed- 
lings expressing 35S::BIC1-GFP or 35S::GFP (control) were exposed to blue light 
(30 umol m* s~4) for O to 120 min and immunoprecipitated by GFP-trap beads. 
The IP (BIC1) and co-IP signals (CRY2) were detected by immunoblots probed with 
antibodies to GFP and CRY2, respectively. (B) HEK293T cells were cotransfected to 
express the indicated proteins, exposed to blue light (180 umol m* s~) for 0 to 120 
min, and immunoprecipitated by antibody to Flag (Flag-IP). The IP signal (Flag-CRY2) 
or the co-IP signals (Myc-CRY2 and BIC1) were detected by immunoblots probed 
with antibodies to Flag or to Myc and GFP respectively. (C) Co-IP assays show- 
ing light-independent dimerization of human CRY2 (hCRY2) in HEK293T 
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cells. (D) Seven-day-old etiolated transgenic seedlings coexpressing the in- 
dicated proteins were exposed to blue light (30 wmol m~* s~4) for O to 10 min 
and immunoprecipitated by the GFP-trap beads. The IP signal (GFP-CRY2) and 
the co-IP signal (Myc-CRY2) were detected by immunoblots probed with 
antibodies to GFP or Myc, respectively. (E) HEK293T cells transfected to express 
the indicated fusion proteins were kept in the dark (—Blue) or exposed to blue 
light (180 umol m-* s~4) for 2 hours (+Blue) and analyzed by co-IP assay as in 
(B). (F) HEK293T cells coexpressing the indicated proteins were exposed to 
blue light (180 wmol m~* s4) for O to 120 min. The IP signal (CRY2) or the co- 
IP signals (CIB1 and BIC1) were detected by immunoblots probed with anti- 


bodies to Flag or to GFP 


CRY2-CIB1 and CRY2-SPA1 interactions. As ex- 
pected, coexpression of BIC1 suppressed the blue 
light-dependent CRY2-CIB1 interaction (Fig. 4F) 
and CRY2-SPA1 interaction (fig. $12C), which ex- 
plains how inhibition of CRY dimerization by BIC1 
suppresses CRY2-dependent photoresponses of 
plants. 

Homodimerization appears to be a common 
mechanism of photoreceptors (27-29). Our study 
supports a hypothesis that plant CRYs exist as in- 
active monomers in the absence of light, whereas 
photoexcited CRYs form active homodimers 
or oligomers that interact with CRY-signaling pro- 
teins to trigger transcriptome changes responsi- 
ble for photomorphogenesis; the BIC proteins 
interact with CRYs to prevent CRY homodime- 
rization and thereby maintain the appropriate 
homeostasis of the active and inactive pools of 
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CRYs and sustainability of cellular photosensitivity 
(fig. S12E). It would be interesting to examine 
whether photoinsensitive mammalian CRYs and 
photosensitive insect CRYs undergo circadian 
phase-dependent and light-dependent dimer- 
ization, respectively. 
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Intercellular communication and 
conjugation are mediated by ESX 
secretion systems in mycobacteria 


Todd A. Gray,”?* Ryan R. Clark,’ Nathalie Boucher,’ Pascal Lapierre,’ 


Carol Smith,’ Keith M. Derbyshire’?* 


Communal bacterial processes require intercellular communication mediated by 
secretion systems to coordinate appropriate molecular responses. Intercellular 
communication has not been described previously in mycobacteria. Here we show that 
the ESX secretion-system family member ESX-4 is essential for conjugal recipient 
activity in Mycobacterium smegmatis. Transcription of esx4 genes in the recipient 
requires coculture with a donor strain and a functional ESX-1 apparatus in the recipient. 
Conversely, mutation of the donor ESX-1 apparatus amplifies the esx4 transcriptional 
response in the recipient. The effect of ESX-1 on esx4 transcription correlates with 
conjugal DNA transfer efficiencies. Our data show that intercellular communication via 
ESX-1 controls the expression of its evolutionary progenitor, ESX-4, to promote 


conjugation between mycobacteria. 


ycobacteria have elaborate cell envelopes 

and use ESX secretion systems to tran- 

sport substrates across their diderm cell 

structure (7). Mycobacteria encode as many 

as five paralogous esx loci (2). Each esx 
locus encodes components for its own membrane 
transporter, secretion substrates, powering aden- 
osine triphosphatase (ATPase), and other proteins 
that contribute structural or regulatory functions. 
Although they are homologous, the ESX conserved 
components (ecc) encoded by each locus are spe- 
cific to their individual secretory apparatus (3) 
and are not functionally redundant, as pheno- 
types arise from mutations in individual paralogs. 
ESX secretion activity is required for virulence in 
pathogenic mycobacteria (4-6). However, the full 
range of functions of the various esx loci remains 
unknown. 
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Mycobacterium smegmatis is a fast-growing 
saprophytic and nonpathogenic species that has 
been used as a model for slow-growing pathogenic 
species (7). M. smegmatis has three esx loci that 
encode the ESX-1, ESX-3, and ESX-4 secretion 
apparatuses. In M. smegmatis, the ESX-1 appara- 
tus is required for distributive conjugal transfer 
(DCT), a distinct gene transfer process that oc- 
curs between independent and genetically dis- 
tinct donor and recipient strains and results in 
progeny with mosaic genomes (fig. S1) (8-1). Mu- 
tations that inactivate ESX-1 in either the donor 
or recipient strains of M. smegmatis alter conjugal 
DNA transfer efficiencies. A direct model, in which 
ESX-1 is proposed to serve as the conduit for DNA 
traversing from the donor strain into the recipient, 
is ruled out by the finding that esx7 mutations in 
the donor strain increase DNA transfer efficien- 
cies up to 100-fold (9). Conversely, ESX-1 muta- 
tions in the recipient reduce DNA transfer to 
undetectable levels (8). Recent findings further 
show that genes determining donor or recipient 
mating identity in DCT have been mapped to a 
cluster of six of the 25 esxI genes (11). The dispa- 
rate roles for the various ESX secretion appara- 
tuses, in both slow- and fast-growing mycobacteria, 


indicate that they mediate secretion of substrates 
that function in diverse pathways. 

The esx4 loci appear to encode only the essen- 
tial core components of a functional ESX apparatus 
and lack eccA and espG genes that are functionally 
important for substrate secretion and processing 
in other ESX systems (12, 13). This observation 
and the absence of any identified activity for ESX- 
4 led to the speculation that it is a vestigial locus 
(5). Loci encoding ESX-4 secretion systems are 
also found in other Actinobacteria and Firmicutes, 
which suggests that ESX-4 is the progenitor ESX 
(2, 3). In spite of its ancestral status, conserved 
composition, and broad distribution, a functional 
role for ESX-4 has not been identified. 

Here we report mapping of a transposon inser- 
tion in the recipient esx4 locus that abolished 
conjugation (Fig. 1). The transposon inserted 
into the recipient ortholog of Msmeg_1536, encod- 
ing a dedicated Ftsk-SpoIIIE-ATPase, EccC, (the 
subscript “4” indicates the associated esx locus), 
whose paralogs in other esx loci are required for 
function of their respective ESX apparatus (J, 14). 
To ensure that the transposon insertion resulted 
in a null phenotype, we created a precise deletion 
of eccC, in the recipient, and it too was defective for 
DCT (Fig. 1). To formally rule out any possibility of 
ESX-4 secretion activity, we created a precise 
deletion of Msmeg_1535, encoding the ESX-4 
transporter, EccD,. The recipient EccD, mutant 
was also transfer-defective (Fig. 1). Deletion of 
eccC, or eccD, from the donor strain, however, did 
not abrogate conjugation (Fig. 1). This recipient- 
specific requirement for ESX-4 is also seen with 
esx1 mutants in DCT, although the increase in 
transfer efficiency seen with ESX-1 donor mutants 
was not evident with the loss of ESX-4: in the donor. 

Only one gene is exclusive to esx4 (Fig. 1B). 
Msmeg_1537 is of unknown function and is con- 
served in position in all esx4 loci, but homologs 
are not found in other paralogous esx loci. The 
conserved presence of this gene within the esx4 
locus led us to hypothesize that it is necessary for 
ESX-4 function. We created a deletion mutant of 
Msmeg_1537 in the recipient strain and found 
that this mutant strain was also defective for DCT, 
producing no transconjugants. Complementation 
by ectopic expression of Msmeg_1537 restored 
conjugation (Fig. 1). 

Together, these data show that ESX-4 is es- 
sential for DCT in the recipient but not the donor 
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and that DCT is a sensitive and reliable assay for 
ESX-4 function. Thus, ESX-1 and ESX-4 have non- 
redundant roles in the same biological pathway. 
ESX-4 function cannot compensate for ESX- 
1 mutations and vice versa. Although the tradi- 
tional oriT-based conjugation systems have evolved 
as a donor function encoded by a specific mobile 
element for self-propagation, all of the genes that 
have thus far been identified as necessary for myco- 
bacterial DCT are recipient-specific. 
Conjugation is a tightly regulated biological 
process that requires coordinated gene expression 
(15-17). We hypothesized that a subset of genes 
involved in DCT would respond to the presence 
of the opposite mating type. We used RNA pro- 
filing to detect key transcriptional programs that 
were activated or silenced upon coculture of donor 
and recipient strains. The many single-nucleotide 
polymorphisms (SNPs) between donor and recip- 
ient genomes act as strain-specific identifiers for 
the mRNAs and allowed us to perform strain- 
specific expression profiling (Fig. 2A). cDNA li- 
braries were prepared from mRNA isolated from 
donor and recipient cells grown under mating 
conditions in either monoculture or coculture 
(fig. S2A). After library sequencing, reads were 
mapped back to each reference genome, and the 
embedded SNPs were used to identify which 
strain produced the mapped read. All genes were 
evaluated for their transcript levels under mating 
conditions relative to their levels from monocul- 
ture to identify the transcripts that responded to 
the presence of the opposite mating type (fig. S3). 
During coculture of wild-type (WT) M. smegmatis 
strains, one of the most highly induced transcripts 
was from the esx4 locus (Fig. 2B, fig. S2B, and 
table S1). esx4 transcripts were elevated only in 
the recipient strain, as can be observed in the 
heat map of esvUT (Fig. 2B), the tandem gene pair 
encoding the primary WXG100 secretion substrates 
of ESX-4. Notably, the paralogous esx1 and esx3 
WXGI100 genes—esxBA and esxGH, respectively— 
did not transcriptionally respond in either strain 
to coculture with their mating partner (Fig. 2B). 
Therefore, coculture of donor and recipient strains 
specifically increased transcript levels of a recipient 
locus required for conjugation. The specific condi- 
tions required for the expression of esxv4 locus 
genes (in this case, coculture of a mating pair) 
may explain why identification of ESX-4: expres- 
sion and function has been elusive. Overexpression 
of the sigma factor, SigM, has been associated with 
increased transcription of eseUT in M. tuberculosis 
C8, 19), but our M. smegmatis DCT RNA sequenc- 
ing (RNA-seq) analyses detected no transcriptional 
change in sigM or conserved genes of its regulon. 
We then tested whether ESX-1 function af- 
fected transcriptional profiles in DCT mating con- 
ditions. The esxvJ-encoded Ftsk-SpoIIIE-ATPase 
ortholog of eccC, (1), eccC,;, was deleted in the 
donor and recipient strains for use as mating 
partners with WT strains. Coculture of the AeccC,, 
donor with a WT recipient induced transcription 
of the recipient WT esx4 locus (Fig. 2B), as ex- 
pected for mutated ESX-1 donors, which are known 
to perform DCT (9). In contrast, the pairing of the 
WT donor with the AeccC,, recipient failed to in- 
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Fig. 1. Recipient ESX-4 is required for mycobacterial conjugation. (A) DNA transfer efficiencies 
(transconjugants per donor cell) show that DCT requires an intact esx4 locus in the recipient strain. 
Transconjugants were not recovered in matings that lacked a recipient ESX-4 component. Mating-pair 
genotypes are indicated for donor and recipient, above and below the line, respectively. (B) Schematic 
showing the conserved gene content and order of esx4 loci. ESX nomenclature of the encoded proteins 
is shown above the arrows (ecc designates an ESX essential core protein). The gene specific to esx4 is 
indicated by its M. smegmatis gene name, Msmeg_1537. Recipient locus mutations are summarized by a 
transposon insertion (tn), a deletion (the absence of an arrow), or a complementing plasmid (green 
arrow with oval). M. smegmatis (Ms) and M. tuberculosis (Rv) gene numbers and amino acid 
identities (aa%) and the putative function of the encoded proteins are shown below each gene. 


duce esxv4 transcription in this recipient strain 
(Fig. 2B). ESX-1 function in the recipient strain 
is required for DCT (8). Therefore, the recipient 
esx4 locus transcriptionally responds only in 
conjugation-proficient mating pairs. Our RNA- 
seq analyses show that recipient esv4 gene tran- 
scripts are induced only upon coculture with the 
donor strain and that the induction requires a 
functional recipient ESX-1 secretion system. 

We used the highly responsive bicistronic esvUT 
transcript in quantitative reverse transcription 
polymerase chain reaction (qRT-PCR) assays to 
independently validate and quantify our global 
SNP-specific RNA-seq profiles (fig. S2B). DCT mating 
assays were repeated, with duplicate samples 
being processed for conjugal DNA transfer ef- 
ficiency (Fig. 3A) and qRT-PCR (Fig. 3B). We 
used a polymorphic BstUI cleavage site to show 
that the induced esxUT transcript is exclusively 


from the recipient strain (Fig. 3C). The WT mating 


pair showed a 30-fold increase of the esvUT tran- 
script relative to parental monocultures (Fig. 3B). 
The ESX-1 dependence in the recipient was cor- 
roborated, as eswUT was increased less than six- 
fold in the AeccC,; mutant. This level was slightly 
elevated relative to our RNA-seq data (Fig. 2B), 
although it is unclear whether this is normal 
variation in the assay, the 7poB qRT-PCR internal 
control, or an unknown factor. The accentuated 
recipient esxUT transcriptional response to the 
ESX-1 mutant donor strain indicated by RNA- 
seq data (Fig. 2B) was corroborated by qRT-PCR, 
which showed a 221-fold induction (Fig. 3B). 
Thus, coculture induction of ESX-4 corresponds 
to the reported effects of ESX-1 on conjugation: 
Recipient ESX-1 mutants do not induce recipient 
ESX-4 and do not produce transconjugants (8), 
whereas donor ESX-1 mutants hyperinduced re- 
cipient ESX-4 and are hyperconjugative (9). These 
results indicate that ESX-1 acts upstream of 
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Fig. 2. Coculture with donor induces recipient esx4 transcript levels 
and requires recipient ESX-1 activity. (A) Experimental design for SNP- 
guided RNA-seq of DCT. The ESX-lmut strains have targeted deletions of 
eccCp;, encoding the ATPase required for ESX-1 secretion activity and required 
in the recipient for conjugation. The four strains were grown individually and 
in mixed cultures of WT x WT, WT x ESX-lmut, or ESX-lmut x WT. Conditions, 
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Fig. 3. ESX-1 and contact dependence 
of conjugal communication. (A) DCT 
mating efficiencies for conjugal pairs used 
for RT-PCR. Strains are identified as WT 
or ESX-lmut (AeccCy1) donors (above the 
ine) or recipients (below). The dashed 
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of conjugal strains by a porous membrane. 
B) qRT-PCR analysis for esxU from cocul- 
tures of ESX-1 mutants or physically sepa- 
rated mycobacteria. esxU signals were 
normalized to rpoB expression. Error bars 
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ESX-4 in DCT, directing the induction of esx4 
gene expression that results from mating-pair 
interactions. 

The transfer of DNA between participating cells 
during DCT clearly requires physical contact, yet 
the communication might occur by diffusible sig- 
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nals. We performed coculture under typical DCT 
mating conditions. However, we separated the 
donor and recipient strains with a 0.45-um filter 
membrane intended to allow transit of soluble 
signaling molecules but prevent cell-cell contact. 
qRT-PCR analysis revealed that recipient cells 
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processing, and analysis are as indicated at right. (B) Heat-map cells of 
WXG100 genes from esx4 (esxUT), esx1 (esxBA), and esx3 (esxHG), with 
changes upon coculture shown as logs insets. For each mating, the donor 
and recipient genotypes are shown, and the conjugal mating proficiencies 
are indicated. A housekeeping gene (rpoB) is included as an independent 


cultured with this porous separation did not show 
an esxUT transcriptional response to the underly- 
ing donor strain (Fig. 3B). These data indicated 
that direct cell-cell contact is needed to initiate 
the es#4 transcriptional response. We speculate 
that ESX-1 secretes cell-surface mating identifiers, 
receptor proteins, and/or tethering scaffolds. One 
possibility consistent with our data is that ESX- 
1 secretes a cell surface receptor in both strains: 
In the recipient, a yet unknown ligand binding to 
this receptor initiates a signal cascade that induces 
ESX~4 necessary for DCT (fig. $4). Thus, disabling 
ESX-1 function in the donor strain would prevent 
its receptor secretion from competing for ambient 
ligand, resulting in hyperactivation of the recipient 
esx4 locus. Candidates for potential involvement 
are encoded by the subset of esxv7 genes that con- 
stitute the mating identity locus (mid) (11). 

Strain-specific RNA-seq during coculture also 
identified expression changes in genes that are 
not involved in DCT. Thus, coculture responses 
between these mycobacterial strains may not 
be limited to conjugation. Some of the largest 
transcriptional changes were dependent on 
ESX-1. The concept that ESX systems function in 
intercellular communication among mycobac- 
teria has implications for other mycobacterial 
species and for intercellular communication in 
infection. 
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A “Trojan horse” bispecific-antibody 
strategy for broad protection 
against ebolaviruses 
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There is an urgent need for monoclonal antibody (mAb) therapies that broadly protect 
against Ebola virus and other filoviruses. The conserved, essential interaction between the 
filovirus glycoprotein, GP, and its entry receptor Niemann-Pick C1 (NPC1) provides an 
attractive target for such mAbs but is shielded by multiple mechanisms, including physical 
sequestration in late endosomes. Here, we describe a bispecific-antibody strategy to 
target this interaction, in which mAbs specific for NPC1 or the GP receptor-binding site 
are coupled to a mAb against a conserved, surface-exposed GP epitope. Bispecific 
antibodies, but not parent mAbs, neutralized all known ebolaviruses by coopting viral 
particles themselves for endosomal delivery and conferred postexposure protection against 
multiple ebolaviruses in mice. Such “Trojan horse” bispecific antibodies have potential as 


broad antifilovirus immunotherapeutics. 


he development of therapeutics targeting 

Ebola virus (EBOV) and other filoviruses 

is a global health priority. The success of 

ZMapp—a cocktail of three monoclonal 

antibodies (mAbs) targeting the EBOV 
surface glycoprotein GP—in reversing Ebola 
virus disease in nonhuman primates (NHPs) has 
underscored the promise of antiviral immuno- 
therapy (7). However, most available mAbs have 
a narrow antiviral spectrum, because they recog- 
nize variable surface-exposed GP epitopes (2). 
ZMapp protects against EBOV but not against 
other filoviruses with known epidemic poten- 
tial, including the ebolaviruses Bundibugyo virus 
(BDBV) and Sudan virus (SUDV) and the more 
divergent marburgviruses. Given the scientific 
and logistical challenges inherent in develop- 
ing a separate mAb cocktail for each filovirus, 
as well as the need for preparedness against 
newly emerging or engineered viral variants, 
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broadly protective antifilovirus immunotherapies 
are highly desirable. A few mAbs have shown 
cross-neutralization and protection in rodents, 
indicating that cross-species protection by a 
single molecule is possible; however, such anti- 
bodies are rare (3-8). 

An unusual feature of cell entry by filoviruses 
is the proteolytic cleavage of GP in endosomes 
to reveal “cryptic” epitopes (9, 10), including 
the receptor-binding site (RBS) that engages the 
critical intracellular receptor, Niemann-Pick Cl 
(NPC1I) (fig. S1) (21-18). Engagement of NPC1’s 
second luminal domain, NPC1-C, by this highly con- 
served RBS in cleaved GP (GP¢;) is required for 
cell entry and infection by all filoviruses (ZI, 19-21). 
Consistent with this, MR72, an RBS-specific mAb 
isolated from a Marburg virus (MARV) disease 
survivor, blocked GP¢;-NPC1 interaction in vitro 
and broadly neutralized viruses bearing in vitro 
cleaved GPx, (15, 22, 23). However, MR72 failed 


to neutralize infection by uncleaved ebolaviruses, 
likely because it could not gain access to late 
endosomes, where the GPc, RBS becomes un- 
masked (15). Therefore, the development of broadly 
protective immunotherapies targeting the GPc.- 
NPC1 interaction is challenged by the endosomal 
sequestration of this virus-receptor complex. 
We envisioned a bispecific antibody (bsAb)- 
engineering strategy to block intracellular GPc,- 
NPC1 interaction by a “Trojan horse” mechanism. 
We reasoned that, by coupling receptor or RBS- 
targeting mAbs to a delivery mAb directed against 
a broadly conserved epitope in uncleaved GP, 
virions themselves could be coopted to transport 
bsAbs to the appropriate endosomal compart- 
ments (Fig. 1, A and B). To block the filovirus- 
receptor interaction, we chose mAbs targeting 
both its viral and host facets: MR72, a human mAb 
that recognizes the GPc¢;, RBS (above), and mAb- 
548, a novel murine mAb that engages human 
NPC1-C. mAb-548 bound with picomolar affinity 
to an NPC1-C epitope that overlaps the GP¢;- 
binding interface and blocked GPc,-NPC1-C 
association in vitro at pH 5.5, the presumptive 
PH of late endosomes (figs. S1 and $2). mAb-548 
resembled MR72 in its lack of neutralizing ac- 
tivity against uncleaved viruses (Fig. 2, A and B, 
and fig. S6), likely because NPC1 is absent from 
the cell surface (11, 24). To deliver mAb-548 and 
MR72 to endosomes, we selected the macaque 
mAb FVMO9, which recognizes a conserved linear 
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epitope in the GP glycan cap of all known ebola- 
viruses (Fig. 1A and fig. S4) (8). FVM09 does not 
neutralize infection and confers limited in vivo 
protection against EBOV (8). 

The heavy- and light-chain variable domains 
(Vy and V_, respectively) of FVM09 were fused 
to mAb-548 and MR72 by using the dual-variable 
domain immunoglobulin (DVD-Ig) design strategy 
(25). The DVD-Ig format was chosen as a test case 
because it allows bivalent binding of both com- 
bining sites but does not use long polypeptide 
linkers that may be susceptible to proteolysis 
or immunogenic presentation. The FVM09~548 
and FVM09~MR72 DVD-Igs could be readily iso- 
lated from transiently transfected human em- 
bryonic kidney 293 (HEK293) cells (fig. S3A). 
Size-exclusion chromatography-multiangle light 
scattering indicated a monodisperse popula- 
tion of monomers, with some higher aggregate 
present (fig. S3, B and C). Each DVD-Ig could 
bind to EBOV GP via the FVM09 “outer” variable 
domains, with no loss of affinity relative to the 
parent FVMO09 immunoglobulin G (IgG), as de- 
termined by biolayer interferometry (BLI) (Fig. 
1C and table S1). FVM09~548 could recognize 
human NPCI1-C, by means of its “inner” variable 
domains, with a subpicomolar equilibrium disso- 
ciation constant (Kp). The MR72 variable domains 
also retained subnanomolar affinity toward GPc, 
in the DVD-Ig format, Two-phase binding studies, 


A B 


IgG: mAb-548 
(aNPC1-C) 


MR72 
(aGP,,) 


FVMO09 
(aGP) 


VA 
V2 
CA 
. C2 
C3 


DVD-Ig: FVM09~548 FVMO9~MR72 
C 
FVM09~548 | EBOV GP 
K,=1.8 nM oa 
0.4 +300 0.20 


FVM09~MR72 | EBOV GP 
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in which each DVD-Ig was first exposed to EBOV 
GP and then to NPCI-C or GP, (Fig. 1D), indi- 
cated that there were no steric restrictions to 
engagement of both combining sites. 

We tested the DVD-Igs for their capacity to 
neutralize infection in human cells by recombi- 
nant vesicular stomatitis viruses bearing EBOV 
GP (rVSV-EBOV GP) or control nonfilovirus glyco- 
proteins derived from VSV and Andes hantavirus 
(Fig. 2, A and B, and fig. $5) (26). Both FVM09~548 
and FVM09~MR72 specifically and potently neu- 
tralized rVSV-EBOV GP, whereas the parental 
mAbs FVM09, mAb-548, and MR72 had little or 
no neutralizing activity. Equimolar mixtures of 
the “delivery” IgG, FVMO9, with each receptor- 
RBS-targeting IgG (mAb-548 or MR72) also did 
not neutralize infection (Fig. 2, A and B); this in- 
dicated that DVD-Ig antiviral activity requires the 
physical linkage of delivery and receptor-RBS- 
binding specificities. Overall, the DVD-Ig half- 
maximal inhibitory concentration (IC;9) values 
were in the nanomolar range, similar to the mea- 
sured Kp of the FVMO09-GP complex but higher 
than those of the mAb-548-NPC1-C and MR72- 
GP, complexes. 

The GPc;-NPC1 interaction is conserved among 
filoviruses (11, 15, 21, 27, 28), and thus, we pos- 
tulated that the DVD-Igs would exhibit broad 
neutralizing activity. rVSVs bearing GP proteins 
from the four other ebolaviruses were sensitive 


Cytoplasm 


to neutralization by both DVD-Igs, whereas rVSV- 
MARV GP was resistant (Fig. 2, C, D, and G), con- 
sistent with the known specificity of FVM09 
toward ebolaviruses (8). We next tested the DVD-Igs 
against authentic EBOV, BDBV, and SUDV (Fig. 2, 
E and F). Each ebolavirus was neutralized by both 
receptor- and RBS-targeting DVD-Igs but not by 
the individual parent IgGs (Fig. 2G and fig. S6). 
The success of antibody therapeutics has fueled 
the development of a panoply of optimized bsAb 
architectures, several of which (including the 
DVD-Ig) are in clinical trials (29). To explore the 
generality of our strategy to other formats, we 
generated an FVM09*MR72 “asymmetric IgG” 
using the DuoBody platform (figs. S7 and S8) 
(30). FVM09*MR72 broadly neutralized rVSVs 
bearing ebolavirus GPs, albeit with reduced po- 
tency against SUDV GP, possibly because of its loss 
of bivalent recognition of GP and/or GPc;, None- 
theless, these results illustrate that endosomal 
targeting of the ebolavirus-receptor interaction is 
amenable to other bispecific-antibody formats. 
Our observation that bsAbs combining two 
nonneutralizing antibodies could confer potent 
neutralization implied critical roles for both bind- 
ing specificities. This hypothesis is supported by 
three pieces of evidence. First, the activity of the 
DVD-Igs against rVSV-EBOV GP particles con- 
taining two point mutations in the FVM09 epi- 
tope was greatly reduced (Fig. 3A and fig. S9). 


Fig. 1. Dual—variable domain lg (DVD-lg) molecules 
combining extracellular delivery and endosomal 
receptor—RBS-—binding specificities can recognize 
both of their respective antigens. (A) Schematic 
of mAb-548 and MR72 endosomal receptor or RBS- 
specific mAbs and FVMO9 GP-specific delivery mAb 
(top row), as well as DVD-Igs engineered to combine 
them (bottom row). (B) A hypothetical mechanism 
for delivery of DVD-lgs (bottom), but not parent IgGs 
(top), to the endosomal sites of GPce_-NPC1 interac- 
tion. LE, late endosomes. (C) Kinetic binding curves 
for DVD-lg-antigen interactions were determined 
by BLI. FVMO9~548 (left) and FVMO9~MR72 (right) 
were loaded onto probes, which were then dipped in 
analyte solutions (FVMO9~548: EBOV GP and human 
NPC1-C; FVMO9~MR72: EBOV GP and GP¢,). Gray lines 


show curve fits to a 1:1 binding model. See table S1 for 
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kinetic binding constants. (D) Two-phase binding experi- 
ments for the DVD-lgs by BLI. Each DVD-lg—bearing 
probe was sequentially dipped in analyte solutions 
containing EBOV GP and then NPC1-C (FVMO9~548), 
or EBOV GP and then GPc. (FVMO9~MR72). (C) and 
(D) Representative curves from two independent ex- 
periments are shown. 
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Fig. 2. DVD-Igs, but A B Cc 
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tion of authentic filoviruses in human U20S osteosarcoma 


cells, measured in microneutralization assays. Infected cells were immunostained for viral antigen at 48 hours postinfection and enumerated by automated 
fluorescence microscopy. (A) to (F) Averages + SD for four to six technical replicates pooled from two or three independent experiments. (G) Data in (A) 
to (F) were subjected to nonlinear regression analysis to derive Ab concentrations at half-maximal neutralization (IC590 + 95% confidence intervals for 
nonlinear curve fit). *IC55 values derived from curves that did not reach 90% neutralization at the highest concentration tested in the experiments are shown. 
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respectively). (C) 

Neutralizing activity of DVD-lgs against rVSV-EBOV GP in U2OS cells bearing 
endogenous levels of NPC1 (NPC1') or ectopically overexpressing NPC1 
(NPCIMe"), (A) to (C) Averages + SD for six technical replicates pooled from 
two independent experiments. (D) Internalization of labeled Abs into cells in 
the absence or presence of viral particles. A schematic of the experiment is 
shown at the left. Parent IgGs and DVD-lgs covalently labeled with the acid- 
dependent fluorophore pHrodo Red were incubated with rVSV-EBOV GP 
particles and exposed to cells. Virus” Ab* and virus* Ab* populations were mea- 
sured by flow cytometry. Averages + SD for four technical replicates pooled 
from two independent experiments are shown. Group means for the percentage 
of Ab* cells were compared by two-factor analysis of variance (ANOVA) (see 
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fig. S11). Sidak’s post hoc test was used to compare the capacity of each 
Ab to internalize into virus” versus virus” cell populations (“***P < 0.0001; 
ns, not significant). Dunnett's post hoc test was used to compare the inter- 
nalization of each Ab to that of the “no Ab” control in virus* cell populations 
(****P < 0.0001; all other Ab versus no Ab comparisons were not signif- 
icant). (E) Delivery of Abs to NPC1* endosomes. FVMO9~548 was incu- 
bated with rVSV-EBOV GP particles and exposed to cells expressing an 
NPCl-enhanced blue fluorescent protein—2 fusion protein. Viral particles, 
Ab, and NPC1 were visualized by fluorescence microscopy (also see figs. 
S12 and S13). Representative images from two independent experiments 
are shown. Scale bar, 20 um. 
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Fig. 4. FVMO9~MR72 affords broad A 
postexposure protection from lethal 
ebolavirus challenge. (A) BALB/c 10g 
mice were challenged with mouse- 
adapted EBOV (EBOV-MA), and then 
treated with single doses of parent 
gG mixtures [300 ug, ~15 mg per 
ilogram body weight (mg/kg)] or 
DVD-lgs (400 pg, ~20 mg/kg, adjusted 
for molecular weight), or vehicle 
phosphate-buffered saline, PBS) at 
2 days postchallenge. (B) Type B 
1IFNa/B R-’~ mice were challenged 100 
with WT SUDV and then treated with 
two doses of parent IgG mixtures 
300 ug total per dose, ~15 mg/kg); 
DVD-Igs (400 ug per dose, ~20 mg/kg); 
or vehicle (PBS) 1 and 3 days post- 
challenge. “n” indicates the number 0) 
of animals per group. Data from 

single cohorts are shown. Survival in 
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each group was compared with that in the PBS group by log-rank (Mantel-Cox) test (*P < 0.05; ***P < 
0.001); all other comparisons to the untreated group were not significant. 


Second, DVD-Igs bearing mAb-548 and MR72 
variable domains with mutations that abolish 
binding (FVM09~548™™" and FVM09~MR72™™) 
lacked neutralizing activity (Fig. 3B). Third, 
FVM09~548 could not neutralize rVSV-EBOV GP 
infection in a cell line bearing supraphysiological 
levels of NPC1, likely because NPC1 overexpres- 
sion saturates available mAb-548 combining sites 
(Fig. 3C). Viral neutralization by FVM09~MR72 
was unaffected in NPCl-overexpressing cells, con- 
sistent with the higher affinity of the GPg;-MR72 
complex (55 pM) (table S1), relative to the GP¢,- 
NPC1-C complex (150 uM) (J6). 

We postulated that the bsAbs harness extra- 
cellular virions for their delivery to endosomal 
sites of filovirus-receptor interaction in the con- 
text of natural infection. Accordingly, we eval- 
uated the internalization of DVD-Igs and their 
parent IgGs into cellular endosomes (Fig. 3D 
and figs. S10 and S11). Each Ab was covalently 
labeled with the acid-dependent fluorescent probe 
pHrodo Red and exposed to cells, either alone 
or following preincubation with fluorescent rVSV- 
EBOV GP particles (19, 26). Cells were measured 
for both virus- and Ab-associated fluorescence 
by flow cytometry. Virus-negative cells displayed 
little Ab signal; this indicated that neither the 
DVD-Igs nor their parent IgGs could internal- 
ize into cells without virions. By contrast, virus- 
positive cells were strongly positive for the 
DVD-Igs but not for the parent mAb-548 and 
MR72 IgGs. Concordantly, only FVMO9 and the 
DVD-Igs could efficiently colocalize with virions 
(Fig. 3E and fig. S12) or Ebola virus-like par- 
ticles (VLPs) (fig. S13) in NPC1* late endosomes, 
where viral membrane fusion takes place (19, 31). 
These results, together with the capacity of FVM09 
to bind EBOV GP with high affinity between pH 
5.5 and 7.5 (fig. S14 and table S1), suggest that 
virion-bsAb complexes remain associated in early 
endosomes and traffic together to late endosomes, 
where proteolytic removal of the GP glycan cap 
dislodges FVMO9, and where mAb-548 and MR72 
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can engage their respective cellular and viral 
targets. Collectively, our findings support a two- 
step “deliver-and-block” mechanism for bsAb 
neutralization. 

Finally, we evaluated the protective efficacy 
of the DVD-Igs in two murine models of lethal 
ebolavirus challenge. Because our prior exper- 
iments were conducted in human cells, we first 
tested DVD-Ig neutralization activity in murine 
NIH/3T3 cells (fig. S15). Whereas FVM09~MR72 
retained full activity, FVM09~548 exhibited poor 
neutralization in murine cells (fig. $15, A and B). 
This could be readily explained by FVM09~548’s 
reduced binding affinity for the murine NPC1 
ortholog (fig. S15C) and consequent reduced ca- 
pacity to block the GP;;-NPC1 interaction (fig. SI5E). 
The discrepancy between binding of mAb-548 
to human and mouse NPC1 likely arises from 
species-dependent amino acid sequence differ- 
ences in the mAb-548-binding region of NPC1-C 
(fig. S16). By contrast, this region in human NPC1-C 
is identical to those of rhesus macaques and crab- 
eating (cynomolgus) macaques (fig. S16), which 
provide the two NHP models of filovirus chal- 
lenge currently in use. mAb-548 bound strongly 
to, and inhibited GP, interaction with, an NHP 
NPC1 ortholog derived from the mantled guereza, 
which also shares an identical mAb-548-binding 
region (fig. S15, D and F). Therefore, although 
host species-specific differences in NPC1 binding 
may affect FVM09~548’s efficacy in rodents, they 
are unlikely to do so in NHPs and humans. 

Both DVD-Igs were tested for their capac- 
ity to protect BALB/c mice when administered 
2 days after a lethal challenge with EBOV-MA 
(Fig. 4A) (32). FVM09~MR72 afforded a high lev- 
el of protection (70%) relative to the untreated 
group, whereas no significant survival was re- 
corded for FVM09~548 and parent IgG mixtures. 
We also evaluated the DVD-Igs for postexposure 
protection against a lethal human SUDV isolate 
in the immunocompromised, type 1 interferon 
a/B receptor-deficient (IFNa/B R?! ~) mouse 


model (Fig. 4B) (7, 33). FVM09~MR72 was fully 
protective, and FVM09~548 provided partial pro- 
tection, relative to the untreated group. The lim- 
ited in vivo efficacy of FVM09~548 was consistent 
with its reduced capacity to inhibit the GP¢,- 
murine NPCI interaction (fig. S15). These find- 
ings provide evidence that a bsAb targeting the 
critical intracellular virus-receptor interaction 
can confer broad protection against lethal ebola- 
virus challenge, even under stringent conditions 
of postexposure treatment. 

Recent antibody discovery efforts have dem- 
onstrated the existence of conserved GP surface 
epitopes that can elicit broadly reactive mAbs with 
cross-protective potential (3-7, 34). Herein, we 
describe a complementary strategy to generate 
broadly protective Abs that target highly con- 
served epitopes at the intracellular filovirus- 
receptor interface, which are normally shielded 
from GP-specific mAbs. Because the cryptic epitope- 
targeting components of the bsAbs engineered 
in this study block endosomal receptor binding 
by all known filoviruses (75) (this study), next- 
generation molecules combining them with 
appropriate delivery mAbs of viral or cellular 
origin may afford coverage against all filoviruses, 
including newly emerging and engineered var- 
iants. This Trojan horse bispecific-antibody ap- 
proach may also find utility against other viral 
pathogens known to use intracellular receptors 
[e.g., Lassa virus (35)], or more generally, to 
target entry-related virus structural rearrange- 
ments that occur only in the endolysosomal 
pathway. 
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A large fraction of HLA class I 
ligands are proteasome-generated 


spliced peptides 
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The proteasome generates the epitopes presented on human leukocyte antigen (HLA) 
class | molecules that elicit CD8* T cell responses. Reports of proteasome-generated 
spliced epitopes exist, but they have been regarded as rare events. Here, however, 

we show that the proteasome-generated spliced peptide pool accounts for one-third 
of the entire HLA class | immunopeptidome in terms of diversity and one-fourth in 
terms of abundance. This pool also represents a unique set of antigens, possessing 
particular and distinguishing features. We validated this observation using a range 

of complementary experimental and bioinformatics approaches, as well as multiple 
cell types. The widespread appearance and abundance of proteasome-catalyzed peptide 
splicing events has implications for immunobiology and autoimmunity theories and 
may provide a previously untapped source of epitopes for use in vaccines and 


cancer immunotherapy. 


he presentation of epitopes on the cell sur- 
face is a key mechanism by which organisms 
identify the presence of pathogens, meta- 
bolic malfunctioning, or tumors. The HLA 
class I (HLA-I) immunopeptidome—the set of 
epitopes allocated onto the HLA-I molecules— 
impinges on the CD8* T cell repertoire and the 
cell-emediated immune response (7). HLA-I immuno- 
peptidomes are usually investigated by sequence 
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identification of peptides eluted from HLA-I mol- 
ecules by means of tandem liquid chromatography- 
mass spectrometry (LC-MS/MS) (fig. S1). The key 
step for the transformation of a protein into HLA- 
I-restricted epitopes is usually processing by the 
proteasome (J), which cuts proteins into peptides; 
alternatively, the proteasome can also cut and 
paste peptide sequences, thereby releasing peptide 
antigens that do not correspond to the original 
protein sequence (2) (fig. $2). This proteasome- 
catalyzed peptide splicing (PCPS) has long been 
considered to occur only rarely; partly this has been 
because the screening of the HLA-I immunopep- 
tidome for proteasome-generated spliced pep- 
tides was impeded by methodological challenges. 
To overcome these problems, we developed 
an analytical strategy that accounts for recent 
discoveries underpinning the PCPS mechanism 
and can handle the vast proteome-wide human 
spliced peptide database (fig. S3). With this strat- 
egy, we initially analyzed the HLA-I-eluted im- 


munopeptidome of the GR lymphoblastoid cell 
line (GR-LCL); for a deeper coverage of the im- 
munopeptidome, we adopted a two-dimensional 
(2D) peptide prefractionation strategy followed by 
a hybrid peptide fragmentation method [electron- 
transfer higher-energy collision dissociation 
(EThcD)] for peptide identification (3, 4) (fig. S1), 
supplemented by an adapted target-decoy ap- 
proach (fig. S4). Our analysis led to the identi- 
fication of 6592 nonspliced and 3417 spliced 
peptides 9 to 12 amino acid residues in length 
(9- to 12-mer peptides) (table S1). The latter num- 
ber represents 34% of the total of identified anti- 
genic peptides (Fig. 1A), thereby increasing the 
number of identified HLA-I ligands by some 50%. 
We confirmed the authenticity of the identified 
spliced antigenic peptides by comparing the LC- 
MS/MS spectra of 98 exemplary spliced peptides 
with their corresponding synthetic peptides and 
computing their correlation score (table S2 and 
fig. S5). In addition, we verified the proteasome- 
dependent generation of the spliced antigenic 
peptides in vitro for three examples by digestions 
of synthetic polypeptides harboring the correspond- 
ing antigenic peptides by purified 20S proteasome 
(fig. S6). 

We queried the HLA-I immunopeptidome mass 
spectrometry data of GR-LCL against the stan- 
dard Swissprot human proteome database, which 
does not account for spliced peptides; this re- 
vealed that 655 peptides (i.e., 9% of the total 
nonspliced antigenic peptides) would be erro- 
neously matched against this incomplete data- 
base as nonspliced peptides, because they have 
much better hits as spliced peptides in our search 
against the combined spliced and nonspliced pep- 
tide database (Fig. 1A). The correct sequences 
for a set of these antigenic spliced peptides were 
verified by comparing the LC-MS/MS spectra of 
the synthetic spliced and nonspliced candidates 
with the corresponding LC-MS/MS of the GR-LCL 
HLA-I immunopeptidome (fig. $7, A to I). Our 
identifications are further supported by the ion 
score distributions (see fig. S4:) of the nonspliced 
peptides and of those spliced peptides that were 
wrongly assigned as nonspliced peptides using 
the standard Swissprot human proteome data- 
base, which differ only slightly in their median 
but not in the overall shape (fig. S7J). 
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In independent technical replicates of the 
GR-LCL HLA-I immunopeptidome analyzed with- 
out prefractioning (see figs. S1 and S8A) through 
EThcD or higher-energy collision dissociation 
(HCD), we identified thousands of peptides; 
among them, the spliced peptide pools repre- 
sent 21 to 32% of the HLA-I immunopeptidome 
diversity (Fig. IB and table S1A). To corroborate 
whether this unexpected finding would not be a 
peculiarity of the GR-LCL cell line, we inves- 
tigated the HLA-I immunopeptidome of unrel- 
ated cell lines. Here, similar results were obtained 
in the analysis by EThcD of a nonrelated CIR 
lymphoid cell line (5), where 30% of the HLA-I 
immunopeptidome variety is represented by spliced 
peptides (Fig. 1A and table S1B). This large prev- 
alence of spliced peptides in the HLA-I immuno- 
peptidome is not a peculiar characteristic of 
lymphoblastoid cell lines, because in the HLA-I 
immunopeptidome of primary human fibroblasts 
(6), 29% of the identified antigenic peptides were 
spliced peptides (Fig. 1A and table S1C). Again, if 
we were to query those data sets only against the 
standard Swissprot human proteome database, we 
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would wrongly assign 3.7 to 7.2% of the antigenic 
peptides as nonspliced peptides (Fig. 1, A and B) 
while missing all spliced peptides. 

Spliced peptides were prevalent not only in the 
HLA-I immunopeptidome but also in the unsorted 
pool of GR-LCL cell lysate peptides with mo- 
lecular weight (MW) smaller than 3 kDa, the 
maximum size of peptides produced in vitro by 
the proteasome (7) (Fig. 1C). The numbers of both 
nonspliced and spliced 9- to 12-mer peptides 
declined when we used an inhibitor of protea- 
some activity such as epoxomicin (Fig. 1C and 
fig. S9). Inhibition of proteasome activity led to 
a longer median length of the nonspliced pep- 
tides (fig. S9), which was to be expected since 
proteasome generates peptides with an average 
length of 11 residues (7, 8). It also eliminated 
almost all spliced 9- to 12-mer peptides (Fig. 1C 
and fig. S9), thereby confirming that the identified 
spliced peptides are generated by proteasome. 

We further verified the proteasome dependency 
of the spliced peptides by querying the HLA-I 
immunopeptidome of the T2 cell line, which lacks 
a functioning transporter associated with anti- 
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Fig. 1. Sizes and characteristics of spliced and nonspliced peptide pools. (A and B) Summary 
of the 9- to 12-mer peptides presented by HLA-!| molecules on the GR-LCL and C1R cell lines and 
human primary fibroblasts (A), or, as controls, on the GR-LCL and T2 cell lines (B). (©) Summary of 
the 9- to 12-mer peptides identified among the cell lysates of T2 and GR-LCL cell lines prefiltered for 
peptides smaller than 3 kDa not trypsin-digested, or of the C1R cell line prefiltered for polypeptides 
larger than 30 kDa and trypsin-digested. Samples were analyzed by different LC-MS/MS methods, 
as depicted. Light blue shaded areas are part of the spliced peptide pool. 
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gen processing (TAP). As for other TAP-deficient 
cell lines, the few antigenic peptides identified 
so far in the HLA-I immunopeptidome of the T2 
cell line derive from both proteasome-mediated 
and signal peptidase-mediated proteolysis in a 
similar manner (9, 10). As expected, relative to 
other HLA-I immunopeptidomes, we identified 
a drastically reduced number of both spliced and 
nonspliced peptides eluted from the HLA-I mol- 
ecules of T2 cells. Among them, spliced peptides 
represented only 13% of the whole T2 HLA-I im- 
munopeptidome (Fig. 1B). By contrast, the anal- 
ysis of a cytosolic unsorted pool of 9- to 12-mer 
peptides of the T2 cells (with MW < 3 kDa) 
showed a normal frequency of spliced peptides 
(25%; Fig. 1C). Together, these experiments 
provide further evidence that spliced peptides 
presented by HLA-I molecules are produced by 
the proteasome and that about half of the TAP- 
independent antigenic peptide pool is gener- 
ated through proteasome activity (9). 

As a final (negative) control, we performed 
LC-MS/MS analysis of a tryptic lysate of the CIR 
cell line (fig. S8). In this case, the cell lysate was 
first filtered to include only proteins with MW > 
30 kDa to exclude intracellular peptides gener- 
ated by the proteasome in the mixture. In this 
tryptic digest, we identified about 1300 9- to 
12-mer nonspliced peptides but only a few 9- to 
12-mer spliced sequences (Fig. 1C). In fact, only 
2.7% of them are (likely incorrectly) annotated 
as spliced peptides, which provides us with an 
experimental limit on the overall false discovery 
rate (FDR) (see fig. S4B). We thus have indepen- 
dent experiments that provide evidence that 
about one-third of peptides bound to HLA-I are 
generated by PCPS. 

Although spliced peptides represent one-third 
of the HLA-I immunopeptidome variety, their 
relevance from an immunological point of view 
could be undermined if they were not abun- 
dantly presented at the cell surface. We thus set 
out to quantify the abundance of each HLA pep- 
tide by label-free quantification based on the 
intensity of the MS ion peak area. Although this 
method is not applicable for single peptides 
(6, 8), it has recently become well accepted when 
analyzing large proteomics data sets (6, 11, 12). 
We substantiated this strategy by titrating two 
pools of synthetic nonspliced and spliced anti- 
genic peptides; we observed no significant differ- 
ences between nonspliced and spliced peptides 
(Fig. 2A). However, label-free quantification did 
reveal significant differences in the abundance 
distribution between nonspliced and spliced pep- 
tides. Indeed, the spliced antigenic peptides were 
on average 16 to 26% less abundant than non- 
spliced peptides in the HLA-I immunopeptidomes 
of three independent cell lines (Fig. 2, B and C). 
Therefore, on the basis of our results, we conclude 
that spliced peptides not only represent one-third 
of the HLA-I immunopeptidome variety but also 
approximately one-fourth of the total amount of 
peptide molecules presented on the HLA-I com- 
plex. In agreement with this finding, we recently 
reported that the abundance of peptides of a small 
group of melanoma-associated spliced epitopes 
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Fig. 2. Semiquantitative comparison of HLA-I—-eluted spliced and non- 
spliced peptides. (A) Correlation between MS ion peak area and concentra- 
tion of a pool of 75 nonspliced and 78 spliced peptides from two experimental 
replicates. The correlation coefficients with confidence intervals are reported 
in the charts. Linear regression was applied, and the resulting regression lines 
with their confidence intervals are depicted for spliced peptides (dark blue 
line and light blue shaded area) and nonspliced peptides (red line and pink 
shaded area). Neither the correlation coefficients nor the parameters of the 
regression lines significantly differ between spliced and nonspliced peptides. 
(B) Distribution of MS ion peak area of spliced and nonspliced peptides eluted 
from the HLA-I molecules of GR-LCL and C1R cell lines or human fibroblasts. 


Dashed lines indicate the median of the distribution for spliced peptides 
(blue) and nonspliced peptides (red). The MS ion peak area distribution of the 
nonspliced peptides is significantly larger than the distribution of the spliced 
peptides (Kolmogorov-Smirnov test, P < 107°). The relative proportion of 
spliced peptides estimated from the integral of the MS ion peak areas of 
spliced peptides relative to the integral of the peak area of all peptides is 
reported. (C) Medians of MS ion peak area of spliced and nonspliced peptides 
identified in the HLA-!I immunopeptidome of the GR-LCL and Cl1R cell lines or 
human primary fibroblasts. Samples were not prefractioned; all samples were 
analyzed by EThcD (GR-LCL and CIR cell lines and synthetic peptide pools) 
or by HCD (human fibroblasts). 


exposed on the HLA-I complexes is comparable to 
that of nonspliced melanoma-associated epitopes 
(13). Moreover, we observed a specific response 
against those spliced epitopes in the peripheral 
blood of half of the melanoma patients we studied 
(13), highlighting the potential biological im- 
pact of the much larger set of spliced epitopes 
presented in this study. 

Spliced epitopes could also represent a distinct 
pool of antigenic peptides with particular char- 
acteristics. The few pioneering studies on PCPS 
had already provided hints about generative 
mechanisms. For instance, they suggested that 
PCPS prefers specific peptide sequences, although 
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the limited number of spliced peptides or epi- 
topes identified has so far precluded an analysis 
with sufficient statistical power (2, 8, 14-21). With 
our large pool of spliced antigenic peptides, this 
became possible. Contrasting the characteristics 
of the spliced and nonspliced peptides in the GR- 
LCL HLA-I immunopeptidome, we observed no 
significant differences in terms of (i) peptide 
length distribution (fig. SIOA), in agreement with 
our previous observation on in vitro proteasome- 
catalyzed reactions (8); (ii) frequency of the number 
of putative parental proteins that can generate 
each spliced or nonspliced peptide (fig. S10B); 
and (iii) the frequencies of spliced and nonspliced 


peptides derived from a given antigen (fig. S10C). 
Remarkably, one-third of self antigens are rep- 
resented on the GR-LCL cell surface only by spliced 
peptides (Fig. 3A and fig. S1IOD), which shows 
that PCPS increases the antigen exposure and ex- 
pands the HLA-I immunopeptidome-mediated 
surveillance of the immune system. 

Among the identified spliced antigenic pep- 
tides in the GR-LCL 2D HLA-I immunopeptidome, 
we observed a similar number of spliced peptides 
generated by the ligation of two splice reactants 
following their orientation in the parental pro- 
tein or by inverting their order (i.e., reverse PCPS); 
50.1% were normal cis spliced peptides (see fig. 
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Fig. 3. Antigens, characteristics, and sequence motifs of spliced and 
nonspliced peptides of the GR-LCL HLA-! immunopeptidome. Data in all 
panels refer to the GR-LCL 2D-EthcD HLA-| immunopeptidome. (A) Number 
of antigens presented on the HLA-| molecules by only spliced, only non- 
spliced, or both spliced and nonspliced peptides. (B) Length distribution of 
the sequence between the two splice reactants (i.e., the intervening sequence). 
(C) Length distribution of N- and C-terminal splice reactants generating 
the antigenic spliced peptides. (D) Frequencies of amino acids at each residue 


of the nonspliced and spliced 9-mer peptides. (E) Distribution of amino acids 
in the Px, Pl, Pl’, and Pe positions (see fig. S2) of the spliced peptides. In (D) 
and (E), all frequency values are normalized for the frequency of the amino 
acids in the human proteome; that is, they indicate the probability of observ- 
ing a certain amino acid at a certain position given the frequency of this 
amino acid in the human proteome. Abbreviations for amino acid residues: 
A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His; |, lle; K, Lys; L, Leu; M, 
Met; N, Asn; P, Pro; Q, Gin; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; Y, Tyr. 


$2). We did not observe a clear preference for a 
specific length of intervening sequences (i.e., the 
sequences excised between two splice reactants) 
(Fig. 3B and fig. $2). Also, the length of the N- 
and C-terminal splice reactants (see fig. S2) was 
almost equally distributed, with the exception of 
a seemingly preferred length of two residues in 
the N-terminal splice reactant, which was most 
apparent for 9-, 10-, and 11-mer peptides (Fig. 
3C and fig. SIOE). Because the second residue 
of the antigenic peptide often corresponds to 
the anchor site of the specific HLA-I molecules, 
we speculate that preference for specific amino 
acids for the ligation could have introduced an 
evolutionary pressure on the HLA allotype se- 
lection, as has previously been hypothesized for 
the proteasome-dependent peptide hydrolysis 
and the C terminus of the HLA-I-restricted pep- 
tides (22). 
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In the GR-LCL data set, we also compared 
spliced and nonspliced antigenic peptide motifs 
in relation to HLA-I haplotypes by applying a 
neural network-based algorithm (NetMHC ANN) 
and an algorithm based on the stabilized matrix 
method (IEDB SMM) (23, 24) to predict in silico 
their binding to HLA-I molecules. The two al- 
gorithms performed similarly when we consid- 
ered the nonspliced antigenic peptides (fig. S11, 
A to D). They did, however, differ significantly 
in the prediction of how efficiently the spliced 
peptides bind the specific HLA-A and HLA-B 
variants (fig. S11, A to D). Often, spliced peptides 
predicted by NetMHC ANN to be barely com- 
patible with the specific HLA-I cleft bound it 
with an experimentally determined dissociation 
constant (ICs) below 5000 nM (table S2 and 
fig. SIIE). Such a phenomenon might be due to 


nonspliced antigenic peptides. Indeed, because 
the algorithms have been trained exclusively on 
nonspliced epitopes (or nonrandomized peptide 
libraries), their predictive power for that peptide 
type could be limited. This hypothesis is also 
supported by our previous in vitro PCPS analysis 
(8), where we observed that several spliced pep- 
tides were produced by proteasomal cutting at 
rarely used substrate cleavage sites. Such differ- 
ences emerge when considering the sequence 
motifs of the spliced and nonspliced 9-mers with- 
in the GR-LCL HLA-I immunopeptidome (Fig. 
3D) and the other immunopeptidome data sets 
(fig. S12), especially in positions 2 and 9, which 
correspond to frequently used anchor sites. 

To gather information about the sequence 
preference of PCPS, we exploited the large num- 
ber of spliced antigenic peptides available here, 


intrinsic differences in the motifs of spliced and 


and we computed the amino acid distribution at 
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the Py, Pl, Pl’, and Pc positions (see fig. S2) of 
the GR-LCL HLA-I immunopeptidome. This out- 
come matched the data obtained for the repli- 
cate GR-LCL immunopeptidome (1D EThcD) but 
differed from the immunopeptidomes obtained 
from the C1R cell lineage and human primary 
fibroblasts (Fig. 3E and fig. S13). The difference 
between the patterns of the spliced peptide Py, 
Pl, Pl’, and P¢ positions could be due to the HLA 
anchor site differences among the three cell lines. 
Our more general analysis differs markedly from 
the HLA-A*02:01-restricted P1-P1’ position pat- 
tern recently published by Berkers e¢ al. (20), 
thereby confirming that an HLA-unbiased strat- 
egy to identify spliced peptide patterns may 
be essential for developing PCPS prediction 
algorithms. 

Our study shows that the spliced peptides 
bound to the HLA-I molecules are very fre- 
quent and comparable in their amount to the 
nonspliced peptides but represent a distinct 
pool of antigens with particular immunological 
characteristics. One of the key features that 
may have maintained PCPS through evolution- 
ary history (8, 25, 26) might be its higher de- 
gree of freedom of selecting antigenic peptide 
sequences. Targeting antigens through non- 
spliced peptides can be limited by the sequence 
restrictions that antigens have as a result of 
their function. PCPS is a solution to this prob- 
lem, as suggested by the fact that a signifi- 
cant portion of the antigens are represented 
by spliced peptides only. Of course, the unex- 
pectedly large frequency and amount of HLA- 
I-restricted spliced peptides may—and, we strongly 
expect, will—have profound implications for the 
concept of self/nonself peptide presentation: 
The large variety of potential spliced antigenic 
peptides would markedly increase the number 
of antigenic peptides with overlapping sequences 
derived from either human or pathogen prote- 
omes, with direct implications for autoimmunity 
(25, 27, 28). On the other hand, the frequency of 
antigenic spliced peptides and their features 
could also in turn have positive implications for 
therapies involving HLA-I-restricted epitopes, 
such as antiviral vaccinations or mutation-specific 
adoptive T cell therapy against tumors (29-33); 
mutant antigens lacking HLA-I-restricted non- 
spliced epitopes could finally be targeted through 
spliced epitopes. 
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MUCOSAL IMMUNITY 


A pathogenic role for T cell-derived 
IL-22BP in inflammatory 


bowel disease 
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Intestinal inflammation can impair mucosal healing, thereby establishing a vicious cycle 
leading to chronic inflammatory bowel disease (IBD). However, the signaling networks 
driving chronic inflammation remain unclear. Here we report that CD4* T cells isolated 
from patients with IBD produce high levels of interleukin-22 binding protein (IL-22BP), the 
endogenous inhibitor of the tissue-protective cytokine IL-22. Using mouse models, we 
demonstrate that IBD development requires T cell-derived IL-22BP. Lastly, intestinal 
CD4* T cells isolated from IBD patients responsive to treatment with antibodies against 
tumor necrosis factor-a (anti-TNF-a), the most effective known IBD therapy, exhibited 
reduced amounts of IL-22BP expression but still expressed IL-22. Our findings suggest that 
anti-TNF-o therapy may act at least in part by suppressing IL-22BP and point toward a 


more specific potential therapy for IBD. 


nflammatory bowel disease (IBD) is char- 
acterized by chronic intestinal inflammation 
and dysfunction of the epithelial barrier. The 
primary cause of the initiation of this disease 
is unclear. However, it is well accepted that 
inflammatory responses, most likely driven by 
the microbiome and defective barrier function, 
promote a vicious cycle that leads to chronic 
disease (1, 2). Because IBD is characterized by 
chronic inflammation, most therapies are di- 


rected against the inflammatory responses, but 
they do not directly promote mucosal healing. 
Relapsing flares and opportunistic infections that 
occur as a consequence of immune suppression 
are the resulting problems. Thus, one major goal 
is to identify the mechanism that links inflam- 
mation and barrier dysfunction. The proinflam- 
matory cytokine tumor necrosis factor-o. (TNF-a) 
is the primary target of IBD therapy at present. 
There are several potential mechanisms whereby 
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therapy with antibodies against TNF-a (anti-TNF- 
a) might work in IBD. These include the expan- 
sion of regulatory T cells, induction of T cell 
apoptosis, and promotion of the epithelial cell 
barrier function [reviewed in (3)]. However, what 
determines the response to anti-TNF-o ther- 
apy in IBD remains unclear. 

Interleukin-22 (IL-22) is up-regulated in the 
intestine in patients with IBD (4, 5). IL-22 is nor- 
mally able to promote mucosal healing in the 
intestine (6-8); however, when uncontrolled, it 
can lead to intestinal pathogenesis (7, 9-12). 
Therefore, tight control of IL-22 activity is essen- 
tial. IL-22 binding protein (IL-22BP) exerts this 
control by specifically binding IL-22 and prevent- 
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ing it from binding membrane-bound IL-22 re- 
ceptor 1 (IL-22R1) (13-16). The binding affinity of 
IL-22 and IL-22BP is 20- to 1000-fold that of the 
former and membrane-bound IL-22R1 (4, 17). IL- 
22 and IL-22BP exhibit an inverse expression 
pattern upon tissue damage in the intestine in 
mouse models: IL-22BP is most highly expressed 
in the colon during homeostasis and tissue re- 
pair, whereas IL-22 is most highly expressed at 
the peak of tissue damage (4, 7, 18). Thus, care- 
ful regulation of IL-22 and IL-22BP controls ho- 
meostasis in the intestine; however, the role of 
IL-22BP in humans in IBD is uncertain. 

To address this, we first analyzed IL-22 and 
IL-22BP expression in intestinal biopsy speci- 
mens from patients with ulcerative colitis (UC) 
or Crohn’s disease (CD) (table S1) who either 
were in remission (UC, n = 13; CD, n = 12) or 
had active disease based on clinical, endoscopic, 
and histological findings (UC, n = 18; CD, n = 
21). In patients with active IBD, we analyzed 
samples from both healthy (uninflamed) and 
diseased (inflamed) areas in the colon and ter- 
minal ileum, based on endoscopic and histolog- 
ical findings, which were further validated by 
analyzing expression of the genes for the inflam- 
matory markers IL-22, IL-17A, and interferon-y 
(IFN-y) (Fig. 1A and fig. $1). In line with pre- 
vious reports (4, 5), we found increased [L22 
and JL17A mRNA expression in the colon and 
terminal ileum of patients with active CD and 
UC, compared with that in healthy controls. 
IL22BP mRNA was not decreased, but was rath- 
er increased in the colon of these patients (Fig. 
1A), suggesting that the activity of IL-22 might 
be impaired. We also confirmed this finding at 
the protein level by immunohistochemistry of in- 
testinal biopsy specimens (Fig. 1, B and C). As a 
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control, we analyzed the IL-22 and IL-22BP ex- 
pression pattern in a non-IBD-related intestinal 
disease, colonic diverticulitis (7 = 5). Colonic 
diverticulosis is an acquired disease, developing 
as mucosal and submucosal herniation through 
the circular muscle layer at vulnerable weak 
points of the colonic wall. Subsequent inflam- 
mation of these diverticula is termed diverticu- 
litis. We obtained tissue specimens from the 
inflamed area of the colon from patients with 
diverticulitis and, in line with the studies in 
mice (4, 7, 18), we observed increased JL22 and 
decreased JL22BP expression (Fig. 1A), suggest- 
ing that IL-22BP is not generally up-regulated 
during intestinal inflammation in humans. One 
possible explanation for the increased expression 
of IL-22BP in IBD relative to that in diverticulitis 
might be the chronic versus acute nature of the 
inflammatory response in these respective diseases. 

Next, we aimed to identify the cellular source 
of IL-22BP in the intestine. To that end, we sorted 
different cell populations from human intestine. 
In line with previous publications (7, 19-21, we 
confirmed that dendritic cells (DCs) and eosino- 
phils express high levels of IL-22BP (Fig. 2, A and 
B, and fig. $2). Unexpectedly, we also observed 
high IL-22BP expression in CD4*CD3*CD11c~ 
T cells in the small intestine (Fig. 2, A and B). 
We measured CD4 and CD1iIc (ITGAX) as con- 
trols (fig. $3). IL-22BP was also expressed in the 
colon by T cells, and it was further increased in 
T cells but not in DCs in the diseased area in 
patients with active IBD (Fig. 2, C and D, and 
tables S2 and S3). We found that murine CD4* 
T cells in the lymph nodes also expressed [122bp 
(Fig. 2E). The expression levels were highest in 
CD44*CD4* T cells, reaching levels similar to 
those in DCs. In the mouse colon, however, we 
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Fig. 1. Increased IL-22 and IL-22BP expression in IBD. (A) Relative 
IL22BP, IL22, and IL22R1 mRNA expression, as measured by reverse 
transcriptase polymerase chain reaction (RT-PCR) of intestinal specimens 
from patients with Crohn’s disease (CD), ulcerative colitis (UC), and 
diverticulitis, as well as from healthy controls (number of patients: UC in 
remission, n = 13; active UC, n = 18; CD in remission, n = 12; active CD, 
n = 21; diverticulitis, n = 5; controls, n = 12). Filled circles represent one 
sample, bars represent means, and error bars show SEM. (B) Representative 
IL-22BP immunohistochemical staining of colonic biopsy specimens (scale 
bars, 100 um) and (C) quantitative assessment (each symbol represents 
one patient; horizontal lines indicate means + SEM). 
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previously did not detect 1/22bp in bulk popu- 
lations of TCR” cells in steady-state conditions 
(7). We therefore performed additional analysis 
of purified CD4* T cells from the colon. We did 
detect /122bp in colonic CD4* T cells, but the 
expression level was low and close to the detec- 
tion limit (Fig. 2E). In conclusion, both CD4* 
T cells and DCs can produce IL-22BP in mice 
and humans. 

T cell-specific up-regulation of IL-22BP in 
active IBD suggests a pathogenic role in intes- 
tinal inflammation. On the basis of these find- 
ings, we aimed to further decipher the relevance 
of DC- versus T cell-derived IL-22BP in colitis. 
To that end, we used the murine CD45RB™2" 
transfer colitis model, in which IL-22 mediates a 
protective function (J0, 22). To discriminate be- 
tween CD4* T cell-derived and innate immune 
cell-derived IL-22BP, we transferred Tl22bp' > 
and 1122bp*/* CD4*CD25°CD45RB"" T cells into 
Ragr'- and Ragt-Il22bp'~ mice. Transfer of 
wild-type T cells into Ragl/~ and Ragl“1l22bp/- 
mice caused equally severe disease, character- 
ized by weight loss and endoscopic and histo- 
logical scores of colitis (Fig. 3, A to E). However, 
both Ragi/~ and Ragi/Il22bp~'~ mice that re- 
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ceived 122bp-deficient T cells were largely pro- 
tected from disease development (Fig. 3, A to E). 
Similar to the results observed in humans (Fig. 
2C), the expression of IL-22BP by CD4* T cells 
was increased in the murine colitis model (fig. 
$4). T cells from 122bp'* mice showed an in- 
termediate level of J/22bp expression and caused 
an intermediate phenotype of colitis development 
(fig. S5). We also confirmed the pathogenic effect 
of CD4* T cell-derived IL-22BP in a bacterial- 
driven colitis model (fig. S6). T cell-derived IL- 
22BP thus plays an important pathogenic role 
in multiple mouse IBD models. 

We next sought to address whether the effect 
of IL-22BP is due to the free activity of IL-22 or 
to indirect mechanisms. Therefore, we performed 
the transfer colitis experiment in an IL-22- 
deficient environment. We transferred [1227/- 
and 11227" 1l22bp- CD4*CD25 CD45RB"" T cells 
into Ragr/“1l22~ mice. In this setting, both 12227- 
and 11227-1l22bp/- CD4*CD25°CD45RB"* T cells 
caused equally severe colitis (fig. S7). As a control, 
we transferred [122bp/~ CD4*CD25°CD45RB"* 
T cells into Ragl/~ mice, which again were largely 
protected from colitis development (fig. S7), in- 
dicating that IL-22BP aggravates colitis by block- 
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ing IL-22. We furthermore wanted to test whether 
1122bp-deficient T cells have a cell-intrinsic defect. 
To this end, we cotransferred congenic wild-type 
and 1122bp-deficient CD4*CD25 CD45RB""" T cells 
into RagI/~ mice and analyzed the transferred 
T cells upon colitis development. We could not 
find a significant difference in T cell numbers 
or cytokine production between wild-type and 
I122bp-deficient T cells in this setting, arguing 
against a T cell-intrinsic defect of //22bp-deficient 
T cells (fig. S8). Taken together, our data suggest 
that IL-22 is sufficient to protect mice from ef- 
fector T cell-mediated colitis in the absence of 
T cell-derived IL-22BP. 

Anti-TNF-o therapy is the most effective treat- 
ment of IBD at present. We therefore tested 
whether the efficacy of this therapy is linked to 
IL-22BP. We found a positive correlation between 
IL22BP and TNFa expression in the intestine of 
IBD patients with active disease (P = 0.004, 
correlation coefficient 7 = 0.36; Fig. 4A). Genes 
encoding other cytokines, such as JL18, IL6, and 
IL23, did not correlate with JZ22BP expression 
(fig. S9). Moreover, JL22 also positively correlated 
with IL22BP (fig. S9). However, /122bp expression 
in the colon and lymph nodes of 11227/~ mice was 
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Fig. 2. CD4* T cells express IL-22BP in IBD. In (A) and (B), cells were 
isolated from the ileum of patients undergoing laparoscopic gastric 
bypass surgery because of morbid obesity. (A) Relative /L22BP mRNA 
expression, as measured by RT-PCR of sorted CD45*CD4*CD3*CD11c™ 
T cells, CD45*CD11c*MHC-II*CD3™ DCs, and CD45*CD4-CD3°CDI1I1c™ cells 
(rest). Bars represent means, error bars show SEM (n = 3 patients). (B) A 
representative example of Western blot analysis of IL-22BP from sorted 
CD4*CD3*CD11c™ Tcells and CD45*CD4-CD3-CD1lc" cells (rest). In vitro 
differentiated monocyte-derived DCs and recombinant (rec.) IL-22BP 
were used as positive controls. Results are representative of at least three 
independent experiments. (C) Relative /L22BP mRNA expression, as mea- 
sured by RT-PCR of sorted CD4*CD3*CD11c" T cells and CD11c*MHC-II* 
CD3° DCs isolated from intestinal biopsy specimens from active CD, 
active UC, or healthy control patients. When possible, biopsies were taken 
from inflamed (red circles) and uninflamed (black circles) regions of the 
intestine. Bars represent means, error bars show SEM (number of patients: 
control, n = 4; CD, n = 7; UC, n =11). (D) Analysis of IL-22BP expression by 
flow cytometry. Bars represent means, error bars show SEM, and each circle 
represents one sample (control, n = 6; IBD uninflamed regions, n = 5; IBD 
inflamed regions, n = 7) (number of patients: control, n = 6; UC, n = 4; CD, 
n = 3). *One outlier not depicted. (E) Relative Il22bp mRNA expression, as 
measured by RT-PCR of sorted CD4* T cells and DCs from murine colon and 
lymph node (LN). Horizontal lines indicate means + SEM; each symbol repre- 
sents one experiment using pooled samples from three to six mice per group. 
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Fig. 3. A pathogenic role of CD4* T cell-derived IL-22BP in a murine colitis model. CD4*CD25-CD45RB"®" cells were isolated from the spleen and lymph 
nodes of I/22bp*/* and II22bp~’~ mice and transferred into Ragl-’~ and Ragl~’Il22bp’~ recipients. Disease development was assessed by (A) weight 
loss, (B) endoscopic, and (C) histological findings 5 weeks after transfer. Each symbol represents one mouse. Horizontal lines indicate means + SEM. 
Results are representative of four independent experiments. (D) Representative histological (scale bar, 1 mm) and (E) endoscopic findings (asterisks, 


stool inconsistency; Xs, granularity; pound sign, abundant fibrin; arrow, ulceration). 


not significantly reduced (fig. S10), suggesting 
that IL-22 does not regulate IL-22BP. We there- 
fore further investigated the link between IL- 
22BP and anti-TNF-o therapy. 

To that end, we isolated CD4* T cells and DCs 
from intestinal biopsy specimens obtained from 
IBD patients who were receiving anti-TNF-o ther- 
apy (adalimumab or infliximab) or other immune- 
modulating treatment in order to test whether 
anti-TNF-o treatment influences the expression 
of JL22BP. IL22BP expression was markedly re- 
duced in CD4"* T cells of IBD patients who were 
responsive to anti-TNF-a treatment, compared 
with those of patients on other medications (Fig. 
4B and table S4). This effect did not seem to be 
due to differences in disease activity [disease 
activity index (mean + SEM) for anti-TNF-a, 0.6 + 
0.25; for other treatment, 0.3 + 0.13; P = 0.29] 
and appeared to be specific to CD4* T cells, be- 
cause DCs did not show a significant down- 
regulation of JL22BP in IBD patients treated 
with anti-TNF-o (Fig. 4C). Furthermore, the 
expression of genes for other T cell signature 
cytokines and transcriptional regulators, such 
as ILI7A, IL22, IFNg, IL5, FOXP3, TBX21, GATA3, 
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and RORC, were not different between these 
groups (Fig. 4D and fig. S11). These data argue 
against a general and broad effect of anti-TNF- 
o treatment on CD4* T cells. However, it re- 
mained unclear whether TNF-a would regulate 
IL-22BP in a direct manner. We found that 
IL22bp expression is not significantly reduced in 
Tnfri- and Tnfr2-deficient T cells in the transfer 
colitis model, compared with that in wild-type 
controls (fig. S12). Moreover, TNF-o. did not induce 
IL22BP in T cells in vitro (fig. S12). Taken together, 
these data suggest that TNF-a might regulate IL- 
22BP in an indirect manner that is as yet unknown. 

We next tested whether anti-TNF-a therapy 
is simply inversely correlated with IL-22BP ex- 
pression or whether the effect of this treatment 
is dependent on IL-22BP regulation, and thus 
on the protective effect of IL-22. In case of the 
latter, one would expect that this therapy would 
not work in an //22-deficient environment. To test 
this point, we transferred wild-type and 11227/~ 
CD4*CD25°CD45RB™®" T cells into Ragl/~ and 
Ragt!1l22"'~ mice, respectively, and treated the 
mice with anti-TNF-o upon colitis development. 
Anti-TNF-o treatment was not effective in the 


1122-deficient environment (fig. $13), but anti- 
TNF-o, therapy significantly reduced colitis sever- 
ity in the /222-sufficient environment. In addition, 
we transferred 122bp/~ CD4*CD25°CD45RB"" 
T cells into Ragi/"1122bp" mice and treated the 
mice with anti-TNF-o upon colitis development. 
As expected, these mice developed a mild coli- 
tis, which, however, was not further improved 
by anti-TNF-a therapy. To further support these 
data that we obtained in the murine system, we 
analyzed CD4* T cells isolated from the in- 
testine of patients who did not respond to anti- 
TNF-a therapy. T cell-derived IL-22BP was not 
down-regulated in these patients (Fig. 4B). Thus, 
our data indicate that one mechanism whereby 
anti-TNF-o therapy may reduce disease activity 
is by down-regulating expression of IL-22BP. 
TNF-a antibodies are one of the most ef- 
fective therapies for IBD, but what determines 
the response to anti-TNF-a therapy in IBD has 
remained elusive (23, 24). Our data suggest that 
anti-TNF-o therapy may block IL-22BP expression 
by intestinal T cells, thus allowing IL-22-induced 
mucosal healing. Targeting IL-22BP directly 
might allow for a more effective and specific 
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therapy for IBD without invoking the undesirable 
and potentially dangerous side effects of anti- 
TNF-a, such as susceptibility to infections. In 
addition, anti-TNF-o therapy may increase patients’ 
risk of developing cancer. Therefore, long-term 
anti-IL-22BP treatment might have similar ef- 
fects, for which these potential patients should 
be closely screened. 
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Fig. 4. Anti-TNF-o therapy correlates with reduced IL-22BP expression by CD4* T cells in IBD 
(UC and CD) patients. (A) Correlation between TNFa and /L22BP mRNA expression, as measured 
by RT-PCR (P = 0.004: r = 0.36) of specimens from the intestines of patients with active IBD. In (B) to 
(D), CD4*CD3*CD1lc” T cells and CD11c*MHC-II*CD3~ DCs were isolated from intestinal biopsy 
specimens from patients with IBD (CD and UC). When possible, biopsies were taken from inflamed 
(red circles) and uninflamed (black circles) regions. (B and C) Relative /L22BP mRNA expression, as 
measured by RT-PCR of (B) CD4* T cells and (C) DCs isolated from intestinal biopsy specimens from 
IBD patients being treated with anti-TNF-a therapy or other therapies. (D) Relative /L22, IL17A, IFNg, 
and JL5 mRNA expression, as measured by RT-PCR of sorted CD4* T cells from IBD patients being 
treated with anti-TNF-o therapy or other therapies. Horizontal lines indicate means + SEM; dotted lines 
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Lincoln; Martin Spalding, lowa State University, Ames 


MODERATOR: Nina Fedoroff, OFW Law, Washington, DC 


SPEAKERS: Dan Voytas, University of Minnesota, St. Paul 
Alison Van Eenennaam, University of California, Davis 
Mark Cigan, DuPont Pioneer, Johnston, IA 
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Saturday, February 18 


Science and the Law 

This seminar examines the contributions of science to the 
legal system from a diversity of perspectives. The scientific 
foundation of forensic science has been called into question 

in recent years, and one session focuses on progress in two 
areas of research often key to criminal investigations, latent 
fingerprint analysis and fire investigation, as well as how judges 
decide which scientific evidence to permit in court. Another 
session analyzes how linguistics can both affect and interpret 
criminal justice outcomes — from innocent people confessing 
to crimes, to the effects of cross-examination on sexual assault 
victims. A third session shares research on risk factors for 
premature mortality and contact with the criminal justice 
system. Another session discusses scientists’ roles in, and 
reasons for, participating in legal processes. 


Science-Based Forensic Evidence: Getting the Science Right 
in Criminal Investigations 


Organized by: Deborah Runkle, AAAS Center of Science, Policy, 
and Society Programs, Washington, DC 


SPEAKERS: Jed Rakoff, U.S. District Court, Southern District of 
New York, New York City 

Jose Almirall, Florida International University, Miami 

William Thompson, University of California, Irvine 


Discourse Analysis of Criminal Justice 
Organized by: Lawrence Solan, Brooklyn Law School, NY 


SPEAKERS: Tammy Gales, Hofstra University, Hempstead, NY 
Laurence Horn, Yale University, New Haven, CT 
Janet Ainsworth, Seattle University, WA 


Crime, Justice, and Death 


Organized by: William Alex Pridemore, State University of New 
York, Albany 


SPEAKERS: Linda Teplin, Northwestern University, Chicago, IL 

William Alex Pridemore, University at Albany, State University 
of New York 

Heather Harris, University of California, Berkeley 


DISCUSSANT: Brandon Welsh, Northeastern University, 
Boston, MA 


When the Legal System Seeks Help from Scientists: 
Successes and Failures 


Organized by: Keerthi Shetty, American Academy of Arts and 
Sciences, Cambridge, MA 


SPEAKERS: Shari Diamond, Northwestern University 

School of Law, Chicago, IL 
Richard Lempert, University of Michigan Law School, Ann Arbor 
Elizabeth Loftus, University of California, Irvine 


Sunday, February 19 


Scientific Reproducibility and Social Responsibility 
Questions about the reproducibility of scientific research are 
central in debates about the conduct, outcomes, and funding 
of science. This seminar includes a panel with the leader of 
the Open Science Collaboration (OSC)’s 2015 evaluation of 
100 psychology studies, a journal editor in which some of 
those studies were originally published, and a lead author of 
the subsequent critique of the OSC study. Representatives of 
both the National Institutes of Health (NIH) and the biomedical 
research community share their perspectives on the first year 
of the NIH Rigor and Reproducibility guidelines. Other sessions 
in this seminar consider internal and external pressures that 
may influence scientists in producing socially responsible 
science and the role of ethics in the practice of science across 
several disciplines. 


Ensuring the Reproducibility of Scientific Findings: Where 
Does Psychology Stand? 


Organized by: Robert E. Fay, Westat, Bethesda, MD 
SPEAKERS: Brian Nosek, University of Virginia, Charlottesville 


D. Stephen Lindsay, University of Victoria, Canada 
Prasad Patil, Dana-Farber Cancer Institute Boston, MA 


Rigor and Reproducibility One Year Later: How Has the 

Biomedical Community Responded? 

Organized by: Leonard Freedman, Global Biological Standards 

Institute, Washington, DC 

SPEAKERS: Myles Brown, Dana-Farber Cancer Institute, 
Boston, MA 

Michael Lauer, National Institutes of Health, Bethesda, MD 


DISCUSSANT: Judith Kimble, University of Wisconsin, Madison 


Social Responsibility in Science From the Inside Out 


Organized by: Kevin C. Elliott, Michigan State University, East 
Lansing 


SPEAKERS: Heather Douglas, University of Waterloo, Canada 

Kevin C. Elliott, Michigan State University, East Lansing 

Melinda Gormley, AAAS Science and Technology Policy Fellow, 
U.S. Environmental Protection Agency, Washington, DC 


DISCUSSANT: Marc Saner, University of Ottawa, Canada 


How Ethical Science Supports Ethical Policy: Disciplinary 
Perspectives 


Organized by: Rochelle Tractenberg, Georgetown University, 
Washington, DC 


MODERATOR: Andrew Gelman, Columbia University, New York City 
SPEAKERS: Richard Maudslay, Royal Academy of Engineering, 
London, United Kingdom 


Rochelle Tractenberg, Georgetown University, Washington, DC 
George DeMartino, Denver University, CO 
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SESSION TRACKS 


Organizers are listed under session titles. 


AGRICULTURE AND FOOD 


Genetically Engineered Crops: The 
Evidence and the Unknowns 

Organized by Kara Laney, National Academies 
of Sciences, Engineering, and Medicine, 
Washington, DC 


Innovative Convergence Approaches to 
Solving Energy and Agricultural Issues 
Organized by Katherine Bowman, National 
Academies of Sciences, Engineering, and 
Medicine, Washington, DC; Gene Robinson, 
University of Illinois, Urbana-Champaign 


Making the Most of Big Data in Precision 
Agriculture 

Organized by Claire Craig, The Royal Society, 
London, United Kingdom 


Arsenic in Food: From Soil to Plate to Policy 
Organized by Mary Lou Guerinot and Laurie 
Rardin, Dartmouth College, Hanover, NH; 
Laurie Rardin, Geisel School of Medicine, 
Hanover, NH 


Monitoring Food Security: The Role of New 
Technologies 

Organized by Barbara Rater, U.S. Department 
of Agriculture, Washington, DC 


Phytobiomes: Systems-Level Approaches 
to Improve Agricultural Productivity 
Organized by Jan E. Leach, Colorado State 
University, Fort Collins; Kellye Eversole, 
Eversole Associates, Bethesda, MD 


Plan Bee: Pollinators, Food Production, 
and U.S. Policy 

Organized by Insu Koh and Taylor Ricketts, 
University of Vermont, Burlington 


ANTHROPOLOGY, CULTURE, 
AND LANGUAGE 


Beringia and the Dispersal of Modern 
Humans to the Americas 

Organized by John Hoffecker, University of 
Colorado, Boulder; Dennis O’Rourke, University 
of Kansas, Lawrence 


How We Came to Our Senses: Ecology, 
Evolution, and the Future of Human 
Sensation 

Organized by Nathaniel J. Dominy, Dartmouth 
College, Hanover, NH; Amanda Melin, 
University of Calgary, Canada 


Language Across the Lifespan: Clues 
Predicting Alzheimer’s Disease 
Organized by Suzanne Flynn, Massachusetts 
Institute of Technology, Cambridge; Barbara 
Lust, Cornell University, Ithaca, NY 
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Strengthening Health Systems in Africa: 
Intersections of Culture and Science 
Organized by Crystal Patil, University of Illinois, 
Chicago; Gillian H. Ice, Ohio University, Athens 


BEHAVIORAL AND SOCIAL 
SCIENCES 


A Practical Philosophy of Science: Key to 
Better Policies 

Organized by Pilar Lacruz and Piotr Kwiecinski, 
European Research Council Executive Agency, 
Brussels, Belgium 


Public Attitudes About Polarized Science: 
Evolution, Climate Change, Zika, and 
GMOs 

Organized by Deena Weisberg, University of 
Pennsylvania, Philadelphia; Matthew H. Slater, 
Bucknell University, Lewisburg, PA 


Statistical Issues in Criminology 
Organized by David Banks, Duke University, 
Durham, NC 


The Psychology of Decision-Making and 
Cancer 

Organized by Valerie Reyna, Cornell University, 
Ithaca, NY; Colin Widmer, Miami University, 
Oxford, OH 


The Role of Misinformation in Explaining 
Public Perceptions of Science 

Organized by Nick Allum, University of Essex, 
United Kingdom; Patrick Sturgis, University of 
Southampton, United Kingdom 


BIOLOGY AND NEUROSCIENCE 


Innovative Neurotechnologies and 
Strategies from the BRAIN Initiative 
Organized by Terrence Sejnowski, Salk Institute 
for Biological Studies, La Jolla, CA; Jane 
Roskams, Allen Institute for Brain Science, 
Seattle, WA 


Optical Nanoscale Imaging: Unraveling 
the Chromatin Structure-Function 
Relationship 

Organized by Vadim Backman, Northwestern 
University, Evanston, IL 


RNA Splicing at 40: Reflecting on 
Scientific Progress, Policy, and Social 
Justice 

Organized by Pnina G. Abir-Am, Brandeis 
University, Waltham, MA; William C. Summers, 
Yale University, New Haven, CT 


Science, Ethics, and Engagement in the 
Governance of Gene Drives: It Takes a 
Village 

Organized by Keegan Sawyer and Audrey 
Thevenon, National Academies of Sciences, 
Engineering, and Medicine, Washington, DC 


The Neuroscience of Time and Memory 
Organized by Sheena Josselyn, Hospital for Sick 
Children, Toronto, Canada 


CLIMATE CHANGE 


Accelerating Low-Carbon Innovation 
Through Policy 

Organized by Rahel Byland, ETH Zurich, 
Switzerland 


Climate Change and Fisheries: 

Accounting for Climate Effects in Fisheries 
Management 

Organized by Christopher Costello, University 
of California, Santa Barbara; Merrick Burden, 
Environmental Defense Fund, San Francisco, CA 


Global Climate Science Imperatives ina 
Post-Paris Agreement World 

Organized by Hope Michelsen, Sandia National 
Laboratories, Livermore, CA; Manvendra 
Dubey, Los Alamos National Laboratory, NM 


National Climate Assessment: A Sustained 
Process for Providing Actionable 
Information 

Organized by Tess Carter, U.S. Global Change 
Research Program, Washington, DC; Jack 

A. Kaye, National Aeronautics and Space 
Administration, Washington, DC 


The Peril and Promise of Forests and Soils 
in Achieving the Paris Temperature Goals 
Organized by William Moomaw, Tufts 
University, Medford, MA; Scott Goetz, Woods 
Hole Research Center, Falmouth, MA 


Social Resilience to Climate-Related 
Disasters 

Organized by Peter N. Peregrine, Lawrence 
University, Appleton, WI; Carol Ember, Human 
Relations Area Files, New Haven, CT 


Solar Geoengineering: What Is It and 
What Role Could It Play in Climate Policy? 
Organized by David Keith, Harvard University, 
Cambridge, MA 


Sustainability in the Changing Arctic: 
Interdisciplinary Insights for policy 
Organized by Philip Loring, University of 
Saskatchewan, Saskatoon, Canadq; S. Craig 
Gerlach, University of Calgary, Canada 
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COMMUNICATION AND PUBLIC 
PROGRAMS 


Aiming for Success from Birth: Community 
Programs to End the Poverty of Words 
Organized by Nan Bernstein Ratner, University 
of Maryland, College Park 


Bringing Scholarly Communication into 
the 21st Century 

Organized by Claire Craig, The Royal Society, 
London, United Kingdom 


The Paris Agreement and Leveraging 
Religious Support for Climate Policy 
Organized by Se Y. Kim and David Buller, AAAS 
Dialogue on Science, Ethics, and Religion, 
Washington, DC 


From Literacy to Dialogue: How to Best 
Communicate (Controversial) Science 
Organized by Keegan Sawyer, National 
Academies of Sciences, Engineering, and 
Medicine, Washington, DC; Dietram Scheufele, 
University of Wisconsin, Madison 


Gravitational Waves: Communicating the 
Science and Wonder of LIGO 

Organized by Peter Saulson, Syracuse 
University, NY; Gabriela Gonzalez, Louisiana 
State University, Baton Rouge 


Let’s Talk: Learning from Socio-Scientific 
Conversations Among Scientists and 
Publics 

Organized by Larry Bell, Museum of Science, 
Boston, MA 


The Power and Perils of the News Media in 
the Use of Scientific Evidence 

Organized by Matthew Weber, Rutgers 
University, New Brunswick, NJ 


EDUCATION AND WORKFORCE 


Economic Implications of Scientific 
Training in the Biomedical Research 
Workforce 

Organized by Barbara Natalizio, AAAS Science 
and Technology Policy Fellow, National Science 
Foundation, Arlington, VA; Andrew Miklos, 
National Institutes of Health, Bethesda, MD 


Finding Solutions to Implicit Bias in STEM: 


Thinking Fast Makes Changing Slow 
Organized by Lydia Villa-Komaroff, Chestnut 
Hill, MA 


Leveraging Informal Learning 
Environments to Close Socioeconomic 
Status-Related Achievement Gaps 
Organized by Susan C. Levine, University of 
Chicago, IL 
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Advance Registration Rates until January 27 


AAAS Member 


Rates for members 
in good standing 


Professional $310 
Postdoc $250 

K-12 Teacher $250 
Retired Professional $250 
Student $65 

One Day $175 


New Member 


Includes a year of 
AAAS membership 


$380 
$320 
$320 
$320 
$70 
N/A 
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Non-Member 


Rates for all other 
attendees 


$440 
$380 
$380 
$380 
$95 


$220 
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Leveraging Linguistics to Broaden 
Participation in STEM 

Organized by Anne Charity-Hudley, College of 
William and Mary, Williamsburg, VA 


Policies and Practices Affecting the 
Success of Women in Science and 
Engineering 

Organized by Lynnette D. Madsen, National 
Science Foundation, Arlington, VA; Darryl 
Williams, Tufts University, Medford, MA 


Using Evidence to Inform Policy for 
Undergraduate STEM Education 

Organized by Jay B. Labov, National Academies 
of Sciences, Engineering, and Medicine, 
Washington, DC; Muriel Poston, National 
Science Foundation, Arlington, VA 


Using Existing Evidence to Improve 
Undergraduate STEM Education 

Organized by Judy Dilts, James Madison 
University, Harrisonburg, VA; Catherine 
Middlecamp, University of Wisconsin, Madison 


ENGINEERING, INDUSTRY, AND 
TECHNOLOGY 


Quantum Computing and Post-Quantum 
Cryptography 

Organized by Charles W. Clark, Joint Quantum 
Institute, Gaithersburg, MD 


Designing and Governing the New 
Industrial Transformation 

Organized by Philip Shapira, Manchester 
Institute for Innovation Research, United 
Kingdom 


Digital Fabrication in Architecture: The 
Challenge to Transform the Building 
Industry 

Organized by Rahel Byland, ETH Zurich, 
Switzerland 


Energy Technology Policies in Europe and 
the US: Learning from Our Differences 
Organized by Tajinder Panesor, Institute of 
Physics, London, United Kingdom 


Green Chemistry: 25 Years of Progress 
Organized by Teresa Fryberger, National 
Academies of Sciences, Engineering, and 
Medicine, Washington, DC 


Integrated Cellular Systems: Building 
Machines with Cells 

Organized by Rashid Bashir, University of 
Illinois, Urbana-Champaign 
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Urban Mobility as an Engine for Change: 
European Innovation for Sustainable Cities 
Organized by Emily Palmer, EuroTech 
Universities Alliance, Brussels, Belgium; 

Ulrich Marsch, Technical University of Munich, 
Germany 


ENVIRONMENT AND ECOLOGY 


Should We Mine the Seafloor? 

Organized by Thomas Graedel, Yale University, 
New Haven, CT; Stace Beaulieu, Woods Hole 
Oceanographic Institution, MA 


The Legacy of Deepwater Horizon: New 
Science Affecting Marine Oil Development 
Policy 

Organized by Steven Murawski, University of 
South Florida, St. Petersburg 


Blue Growth: Conceptualizing Sustainable 
Development of Marine Environments 
Organized by Anne Maria Eikeset, University 
of Oslo, Norway; Simon A. Levin, Princeton 
University, NJ 


Conservation Paleobiology: Finding 
Solutions in the Fossil Record 
Organized by Susan Kidwell, University of 
Chicago, IL 


Global Environmental Assessments and 
the Bridge to Environmental Policy 
Organized by Jack A. Kaye, National 
Aeronautics and Space Administration, 
Washington, DC 


Human Impacts on Ecosystems from 
Fisheries to Forests: Data Informing 
Decisions 

Organized by John Braun, University of British 
Columbia, Kelowna, Canada; Joanna Flemming, 
Dalhousie University, Halifax, Canada 


Science-Based Strategies for Optimizing 
Nitrogen Reduction in Northeast U.S. 
Estuaries 

Organized by James Ammerman, Long Island 
Sound Study, Stamford, CT 


Science for the Land-Sea Interface: 
Informing Coastal and Nearshore Marine 
Policy 

Organized by Michelle Portman, Technion 
Israel Institute of Technology, Haifa 


Protecting the Crown Jewel of the 
Caribbean: Cuba’s Marine Ecosystems 
Organized by Dan Whittle, Environmental 
Defense Fund, Raleigh, NC; Joe Roman, 
University of Vermont, Burlington, MA 


The Effectiveness of Ecosystem Services in 
Science Decision-Making 

Organized by Erica Goldman, COMPASS, Silver 
Spring, MD 


GLOBAL PERSPECTIVES AND 
ISSUES 


Community-Based Social, Ecological, and 
Health Assessments 

Organized by Margaret Murphy, AAAS Science 
and Technology Policy Fellow, Washington, DC 


Global Conference Start-Ups: Inclusive 
Science and Society Engagement 
Organized by Daan Du Toit, South Africa 
Department of Science and Technology, 
Pretoria; Miyoko O. Watanabe, Japan Science 
and Technology Agency, Tokyo 


Nuclear Forensics to Combat Terrorism 
Organized by Klaus Mayer, European 
Commission Joint Research Center, Karlsruhe, 
Germany 


Global Principles for Scientific Advice to 
Governments 

Organized by Peter Gluckman, Chief Science 
Advisor to the Prime Minister of New Zealand, 
Auckland 


Serving Aging Societies Globally Through 
Science, Technology, and Innovation 
Policies 

Organized by Kuniko Urashima, Japan National 
Institute of Science and Technology Policy, 
Tokyo; Naoki Saito, National Institute of Science 
and Technology Policy, Tokyo, Japan 


The Rise of the Rest? High Impact Science 
in a Multipolar World 

Organized by Koen Jonkers, European 
Commission Joint Research Center, Brussels, 
Belgium 


Think Global, Act Local: Science 
Diplomacy, Communication, and Advocacy 
Organized by Sanjana Patel and Jason Rao, 
Health Security Partners, Washington, DC 


INFORMATION TECHNOLOGY 
AND COMPUTING 


A Pathway Perspective on Expanding the 
Participation of Women in IT 

Organized by Enobong (Anna) Branch, 
University of Massachusetts, Amherst; Mary 
Frank Fox, Georgia Institute of Technology, 
Atlanta 
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Artificial Intelligence, People, and Society 
Organized by Henry Kautz, University of 
Rochester, NY; Luke Clarke, The Royal Society, 
London, United Kingdom 


Assistive and Rehabilitative Robotics: 
Organized by Nancy Amato, Texas A&M 
University, College Station 


Beyond the Black Box: Toward Transparent 
and Understandable Machine Learning 
Organized by Claire Craig, The Royal Society, 
London, United Kingdom 


Cybersecurity: Mathematics and Policy 
Organized by Alice Silverberg, University of 
California, Irvine 


Privacy, Security, and Policy in the Wake 
of the Apple/FBI Debate 

Organized by Daniel Rogers, Terbium Labs, 
Baltimore, MD; Anice Anderson, Private 
Engineering Consulting, Carmel, IN 


Programming Molecules Using Biology, 
Chemistry, and Computer Science 
Organized by Erik Winfree, California Institute 
of Technology, Pasadena 


The Human Brain and Computing 
Machines of the Future 

Organized by Sankar Basu, National Science 
Foundation, Arlington, VA 


When Everyday Objects Become Internet 
Devices: A Science Policy Agenda 
Organized by Ann Drobnis, Computing 
Community Consortium, Washington, 

DC; Elizabeth Mynatt, Georgia Institute of 
Technology, Atlanta 


MEDICAL SCIENCES AND 
PUBLIC HEALTH 


Impact of Drug Shortages and Pricing on 
the Health of Americans 
Organized by William T. Beck, University of 
Illinois, Chicago; Peter Wipf, University of 
Pittsburgh, PA . 
jisha 
Thwarting Disease Epidemics and 
Pandemics with Emerging Technologies 
Organized by Duwur Nageshwar Reddy, Asian 
Institute of Gastroenterology, Hyderabad, 
India; Ram D. Sriram, National Institute of 
Standards and Technology, Gaithersburg, MD 


Assessing the Impact of Medical 
Marijuana: The Grass Could Be Greener 
Organized by Ryan Vandrey, Johns Hopkins 
University School of Medicine, Baltimore, MD; 
Staci Gruber, McLean Hospital, Belmont, MA 


Genomic and Health Data: Global Sharing 
and Local Governance 

Organized by Adrian Thorogood and Bartha 
Knoppers, McGill University, Montreal, Canada 


Mathematical Modeling of Obesity: 
Integrating Scientific Evidence for 
Practical Use 

Organized by Keisuke Ejima, University of 
Alabama, Birmingham 


Medical Decision-Making: To Screen or 
Not to Screen? 

Organized by Barry Graubard, National Cancer 
Institute, Rockville, MD 


Microbes and Humans: Effects on Health, 
Disease, and Society 

Organized by Janet Rossant, Hospital for Sick 
Children, Toronto, Canada 


Reducing Demographic Disparities in Oral 
Health Disparities 

Organized by Susan Reisine, University of 
Connecticut School of Dental Medicine, West 
Hartford 


Precision Medicine: New Integrative 
Paradigms for Disease Modeling 
Organized by Kim-Ahn Do, University of Texas 
MD Anderson Cancer Center, Houston; Arlene 
Ash, University of Massachusetts Medical 
School, Worcester 


Strategies for Public Health Pandemics: 
Science, Clinical Practice, and Policy 
Making 

Organized by Eva K. Lee, Georgia Institute of 
Technology, Atlanta 


Supporting Environmental Decision- 
Daking: Modeling Complex and Noisy 
Biology 

Organized by Nessy Tania, Smith College, 
Northampton, MA; Richard Judson, U.S. 
Environmental Protection Agency, Research 
Triangle Park, NC 


The Analysis and Control of Zika and 
Dengue Virus Epidemics 

Organized by Ira M. Longini, University of 
Florida, Gainesville 


Shifting Perspectives on Dementia, 
Science, and Health Policy 

Organized by Ann Lam, Physicians Committee 
for Responsible Medicine, Washington, DC 


PHYSICS AND ASTRONOMY 


Scales of Knowledge: From “Action at a 
Distance” to Black Holes and Quantum 
Information 

Organized by Eva Andrei, Rutgers University, 
Piscataway, NJ 


Cloudy with a Chance of Solar Flares: 
Quantifying the Risk of Space Weather 
Organized by Emily Mobley, U.K. Science and 
Technology Facilities Council, Didcot 


Bringing the Excitement of the 2017 Solar 
Eclipse to the Public 

Organized by Jay Pasachoff, Williams College, 
Williamstown, MA; Angela Speck, University of 
Missouri, Columbia 


Going Supernova: Stellar Explosions as 
Objects of and Tools for Discovery 
Organized by Lisa Lambert, Canada’s National 
Laboratory for Particle and Nuclear Physics 
(TRIUMF), Vancouver; Katie Yurkewicz, Fermi 
National Accelerator Laboratory, Batavia, IL 


New Results from Large Hadron Collider 
Run2: High Precision and Discovery 
Potential 

Organized by Arnaud Marsollier, European 
Organization for Nuclear Research (CERN), 
Geneva, Switzerland; Katie Yurkewicz, Fermi 
National Accelerator Laboratory, Batavia, IL 


Opening a New Ear to the Universe with 
Gravitational Waves 

Organized by Terry O’Connor, U.K. Science 
and Technology Facilities Council, Swindon; 
Gabriela Gonzalez, Louisiana State University, 
Baton Rouge 


Particle Therapy and 3-D Imaging: a 
Roadmap to the Future of Precision 
Medicine 

Organized by Vincenzo Napolano, National 
Institute for Nuclear Physics, Rome, Italy; 
Terry O’Connor, U.K. Science and Technology 
Facilities Council, Swindon 


Risk and Benefits in the Astrobiological 
Exploration of Other Worlds 

Organized by John Rummel, SETI Institute, 
Champlain, NY; Norine Noonan, University of 
South Florida, St. Petersburg 
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PUBLIC POLICY 


Evidence-Based Science Advice in the Age 
of Information: A Canadian Perspective 
Organized by Samantha Rae Ayoub and Anna 
Buczek, Council of Canadian Academies, 
Ottawa 


Ocean Science and Technology: Gathering 
Input on Federal Research Plan 

Organized by Jessica McGrath, National 
Science Foundation, Arlington, VA 


A Practical Philosophy of Science: Key To 
Better Policies 

Organized by Piotr Kwiecinski, European 
Research Council Executive Agency, Brussels, 
Belgium; Pilar Lacruz, European Research 
Council Executive Agency, Brussels, Belgium 


Adding the Citizen Voice: Participatory 
Socio-Scientific Policymaking 
Organized by David Sittenfeld, Museum of 
Science, Boston, MA 


Big Data Synthesis for Health Policy 
Organized by Erin Faulconer, Institute for 
Health Metrics and Evaluation, Seattle, WA 


Gun Violence Research in the United 
States: Public Health and Policy Needs 
Organized by Sean Gallagher, AAAS Office of 
Government Relations, Washington, DC 


Making Sense of an Abundance of 
Knowledge to Inform Policymaking 
Organized by Stephen Davies, European 
Commission Joint Research Center, Brussels, 
Belgium 


Supporting Silly-Sounding Science 
Organized by Josh Shiode and Erin Heath, 
AAAS Office of Government Relations, 
Washington, DC 


Engaging People Who Don’t Trust Science 
for Science Policy 

Organized by Jane Maienschein, Arizona State 
University, Tempe 


Scientific Advice Mechanisms for Policy 
Organized by Johannes Klumpers, European 
Commission, Brussels, Belgium 


The Role of Values in Delivering Science 
Advice for Policy 

Organized by Johannes Klumpers, European 
Commission, Brussels, Belgium 


A New Blueprint for the Ethics and 
Principles of Science Policymaking 
Organized by Aidan Gilligan, SciCom - Making 
Sense of Science, Brussels, Belgium; Peter 
Gluckman, Chief Science Advisor to the Prime 
Minister of New Zealand, Auckland 


Unfinished Business: Science Policy 

for the White House in the New 
Administration 

Organized by Kirstin Matthews, Rice University, 
Houston, TX 
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siRNA-Validated Antibodies 
Proteintech is accelerating its small 
interfering RNA (siRNA) knockdown pro- 
gram to ensure each one of its 12,000+ 
antibodies meets rigorous validation 
standards. siRNA knockdown verifies 
accurate validation as a negative control 
to confirm that the antibody binds only 
to the target protein. These Western 
blots are performed on whole-cell 
lysates in which siRNA knocks down ex- 
pression of the target protein. The origi- 
nal antibody manufacturer became the 
first company to implement this method 
in 2014, and continues to push for 
industry-wide transparency and repro- 
ducibility by publishing all of its validation 
data online. From start to finish, every 
antibody is made in-house. Proteintech 
also recently launched its Antibody Up- 
grade Program, which allows scientists 
to locate Proteintech equivalents for 
discontinued or out-of-stock products 
from all major antibody suppliers. 
Proteintech Group 

For info: 312-455-8498 
www.ptglab.com 


Size-Exclusion Chromatography 
Columns 

Superdex 75 Increase is a size-exclusion 
chromatography resin for fast, reproduc- 
ible, and high-resolution small-scale 
purification and analysis of recombinant 
tagged proteins. Compared with pre- 
decessor products, these prepacked 
columns offer runtimes reduced to one- 
third with maintained resolution. They 
are for use with proteins with molecular 
weights ranging from 3,000 to 70,000, 
for a variety of applications including 
preparative protein purification (ug to mg 
quantities), aggregate analysis, complex 
formation studies, and sample screen- 
ing. The 10 x 300 mm column is well 
suited for high-resolution separations for 
both preparative and analytical purpos- 
es, with 25 uL-500 uL sample volumes. 
For smaller sample volumes (4 uL-50 
uL) and high-resolution preparations 
and analyses, the 3.2 x 300 mm column 


is the best choice. The shorter 5 x 150 mm column is suitable for 
quick purity checks and rapid screening when the highest resolution 


is not needed. 

GE Healthcare Life Sciences 
For info: 800-526-3593 
www.gelifesciences.com 


LIFE SCIENCE TECHNOLOGIES 


Magnetic Bead Extraction Platform 
EXTRACTMAN is a biomolecule extrac- 
tion platform enabling researchers to 
better study complex protein interactions 
that are critical for drug target identifi- 
cation, as well as numerous topics in 
proteomics research. The platform can 
isolate weak interactors and transiently 
bound complexes that traditional isola- 
tion techniques leave behind. These 
weak interactors represent potentially 
unseen targets that are integral to fully 
understanding protein functions, molecu- 
lar mechanisms, posttranslational modi- 
fications, and cell-signaling cascades. 
Protein isolation using EXTRACTMAN can 
be performed in significantly less time 
compared to more traditional tube-based 
magnetic bead procedures, with up to 
four samples isolated in parallel in as little 
as 30 seconds. The platform is ideal for 
capturing weakly bound protein-protein 
and cell-protein complexes, because 
they are not exposed to the high shear 
forces generated by multiple pipet-based 
wash steps and require less time in 
prodissociating wash buffers. EXTRACT- 
MAN uses many commercially available 
paramagnetic beads, making it easy to 
adapt existing protocols. 

Gilson 

For info: 800-445-7661 
www.gilson.com/extractman 


NEW PRODUCTS: PROTEIN ANALYSIS 


Chemiluminescent Substrate 


Thermo Scientific SuperSignal West Pico 
PLUS Chemiluminescent Substrate is the 
newest addition to the SuperSignal prod- 
uct line. Chemiluminescence is the West- 


ern blot detection method of choice in 
many protein laboratories, as it provides 
high sensitivity and convenience for de- 
tection with film or digital imaging equip- 
ment. The new formulation allows for 
brighter, more intense bands that display 
strong signal stability over the critical 
time period, allowing for the acquisition 
of multiple exposures. The high intensity 
of the light emission is coupled with 
excellent sensitivity —from the picogram 
down to the femtogram level—making 

it easy to obtain publication-quality blot 
images. SuperSignal West Pico PLUS 

is used for the detection of horseradish 
peroxidase and is compatible with differ- 
ent membranes and blocking reagents. 
It works over a wide range of antibody 
dilutions and across many different tar- 
gets, making it an ideal choice for most 
Western blotting applications. 

Thermo Fisher Scientific 

For info: 800-955-6288 
www.thermofisher.com 


UV-Blue Light Converter Screens 
Syngene’s UV-Blue Light Converter 
Screens offer a safe, affordable way of 
using the UV transilluminator in Syngene 
imaging systems to visualize DNA and 
protein gels labeled with many commer- 
cial fluorescent dyes. The screens come 
in two sizes (21 cm x 26 cm and 25 cm x 
30 cm) and are made of scratch- 
resistant plastic. Instead of purchas- 
ing a new imager or blue light box, 
researchers can inexpensively convert 
the transilluminator in their Syngene 
G:BOX, U:Genius3, InGenius3, and 
NuGenius systems into a blue-light 
powerhouse. The screen will alter the 
302-nm UV wavelength to 460 nm-470 
nm, preventing damage to scientists’ 
skin and eyes while they are visualizing 
their gels. This adjusted wavelength is 
optimum for viewing a wide variety of 


fluorescent colors and gels stained with sensitive dyes, including 
GelRed, GelGreen, SYBR Safe, SYBR Gold, SYBR Green, SYPRO 


Ruby, SYPRO Orange, and Coomassie Fluor Orange. 


Syngene 


For info: +44-(0)-1223-727123 


www.syngene.com 


Electronically submit your new product description or product literature information! Go to www.sciencemag.org/about/new-products-section for more information. 


Newly offered instrumentation, apparatus, and laboratory materials of interest to researchers in all disciplines in academic, industrial, and governmental organizations 
are featured in this space. Emphasis is given to purpose, chief characteristics, and availability of products and materials. Endorsement by Science or AAAS of any 
products or materials mentioned is not implied. Additional information may be obtained from the manufacturer or supplier. 
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There’s only one | Science 


Science Careers 
Advertising 


For full advertising details, go to 
ScienceCareers.org and click 
For Employers, or call one of 
our representatives. 


Tracy Holmes 

Worldwide Associate Director 
Science Careers 

Phone: +44 (0) 1223 326525 


THE AMERICAS 


E-mail: advertise@sciencecareers.org 
Fax: +1 (202) 289 6742 

Tina Burks 

Phone: +1 (202) 326 6577 

Nancy Toema 

Phone: +1 (202) 326 6578 

Online Job Posting Questions 

Phone: +1 (202) 312 6375 


EUROPE/INDIA/AUSTRALIA / 
NEW ZEALAND /R'EST OF WORLD 


E-mail: ads@science-int.co.uk 
Fax: +44 (0) 1223 326532 


Sarah Lelarge 
Phone: +44 (0) 1223 326527 


Kelly Grace 
Phone: +44 (0) 1223 326528 


Online Job Posting Questions 
Phone: +44 (0) 1223 326528 


APAN 

Katsuyoshi Fukamizu (Tokyo) 
E-mail: kfukamizu@aaas.org 
Phone: +81 3 3219 5777 
Hiroyuki Mashiki (Kyoto) 
E-mail: hmashiki@aaas.org 
Phone: +8175 823 1109 


CHINA/KOREA/ SINGAPORE / 
TAIWAN / THAILAND 


Danny Zhao 
E-mail: dzhao@aaas.org 
Phone: +86 131 4114 0012 


All ads submitted for publication must comply with 
applicable U.S. and non-U.S. laws. Science reserves 
the right to refuse any advertisement at its sole 
discretion for any reason, including without limitation 
for offensive language or inappropriate content, 

and all advertising is subject to publisher approval. 
Science encourages our readers to alert us to any ads 
that they feel may be discriminatory or offensive. 
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ScienceCareers.org 


Special Job Focus: 


Cell 


Biology 


Issue date: November 25 


Book ad by November 8 


: to guarantee space 
There’s only one Science. 
Ads accepted until November 17 


if space allows 


What makes Science the best choice? 
= Read and respected by 400,00 readers around the globe 
= 75% of readers read Science more often than any other journal 


= Your ad dollars support AAAS and its programs, which 
strengthens the global scientific community. 


Why choose this job focus for your advertisement? 


= Relevant ads lead off the career section with special 
cell biology banner 


= Bonus distribution to American Society for Cell Biology, 
December 3-7, San Francisco, CA. 


Expand your exposure. Post your print ad online 
to benefit from: 


= Link on the job board homepage directly to cell biology jobs 
= Dedicated landing page for jobs in cell biology 


= Additional marketing driving relevant job seekers to the 
job board. 


Science 


Produced by the until Science/AAAS 
Custom Publishing Office. 


SCIENCECAREERS.ORG 


To book your ad: advertise@sciencecareers.org 


Science The Americas Japan 


C 202 326 6582 +81 3 3219 5777 
areers Europe/RoW China/Korea/Singapore/Taiwan 
MVAAAS +44 (0) 1223 326500 +86 131 4114 0012 


The European Molecular Biology Laboratory (EMBL) is an international research organisation 
publicly funded by more than 20 member states with a headquarters laboratory in Heidelberg 
and four sites in Hinxton (the European Bioinformatics Institute, EMBL-EBI), Grenoble, 
Hamburg and Monterotondo. A sixth EMBL site is being established in Barcelona, Spain. The 
focus of the new site will be the experimental and computational investigation of tissue biology 
and disease modelling at the level of tissues and organs. The scientific programme of EMBL 
emphasises experimental analysis at multiple levels of biological organisation, from the molecule 
to the organism, as well as computational biology, bioinformatics and systems biology. Within 
this structure, EMBL Barcelona will add a new dimension in organismal biology. 


Head of EMBL Barcelona 
at EMBL Barcelona, Spain 


The Head of EMBL Barcelona reports directly to the Director General and will have 
a decisive role in developing the overall strategy for the EMBL Programme in 
Barcelona, and is accountable for its execution, including the hiring and mentoring 
of research group leaders. As an active scientist and member of EMBL Faculty, 
the successful candidate will also maintain personal scientific and technical 
contacts internationally at the highest level. She/he is expected to contribute 
greatly to the success of the EMBL Barcelona site and, through participation in 
EMBL’s collegial leadership structure, of EMBL as a whole. 


The Head of EMBL Barcelona will: 


e be responsible for the setting of programmatic priorities and resource planning; 

e lead his/her own research group and select, lead and mentor younger faculty 
members (six junior research groups by the end of 2021); 

e ensure the maintenance of world-class standards of research throughout the site; 

e lead the on-site preparation for regular Programme reviews; 

© report as required by EMBL Council and other external committees and to the 
community at large via conferences and special events; 

° actively participate in the senior scientific, strategic and administrative leadership 
of EMBL; 

e identify opportunities for improvement/development within EMBL Barcelona. 


The tasks are not limited to the above and a flexible approach and ability to adapt 
to evolving situations in a dynamic organisation is required. 


The chosen candidate will have an outstanding record in a field of Tissue, Organ 
or Organismal Biology, will possess scientific vision and leadership skills, will wish 
to work in an open, collaborative environment and will possess administrative 
competence as well as excellent communication and interpersonal skills. Basic 
requirements for the position include a PhD in the biomedical sciences, a proven 
record of scientific leadership and at least 10 years‘ experience in international 
scientific collaboration. Substantial management and leadership experience within 
a scientific organisation, preferably international, is also required. Excellent 
organisational skills and a very good knowledge of English are essential. 


Further key competencies are: 


e the ability to think strategically, to take effective decisions and provide leadership; 

e the capacity to understand the perspective of key decision makers and partners 
— to think through their needs and interests to identify their agenda; 

e the ability to build strong and effective links within and outside the organisation; 

e initiative, pro-activeness and very good negotiation skills. 


Please note that this is a tenure-eligible appointment. 


EMBL 


APPLICATION INSTRUCTIONS 


Please apply online through 
www.empl.org/jobs sending a 
CV and motivation letter at the 
latest by 6 November 2016. 


Questions concerning the role 
should be sent to the EMBL 
Director General, lain Mattaj, at 
dg-office@embl.org and any 
queries regarding the terms and 
conditions should be sent to the 
Head of Human Resources, 
Roland Block, at roland.block@ 
embl.de. 


ADDITIONAL INFORMATION 


EMBL offers a highly collaborative, 
uniquely international culture. It 
fosters top quality, interdisciplinary 
research by promoting a vibrant 
environment consisting of young 
independent research groups with 
access to outstanding graduate 
students, postdoctoral fellows and 
core facilities. 


EMBL is an inclusive, equal 
opportunity employer offering 
attractive conditions and benefits 
appropriate to an international 
research organisation with a 

very collegial and family-friendly 
atmosphere. The remuneration 
package comprises a competitive 
salary, a comprehensive pension 
scheme, medical, educational and 
other social benefits, as well as 
financial support for relocation and 
installation, including the family. 


www.embl.org 
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The Biology Department at The 
PennState Pennsylvania State University (www.bio. 
psu.edu) seeks candidates for an open- 
rank tenure-track faculty position in 
Plant Biology. Candidates using genetic, genomic, phenomic, molecular, 
cellular, or systems-biology approaches to study fundamental questions in 
Plant Biology are especially encouraged to apply. The successful candidate 
is expected to develop and maintain an internationally recognized research 
program in Plant Biology and contribute to the teaching mission of the 
University. Candidates should hold a Ph.D. ina life-sciences related subject 
and have a strong record of prior research accomplishments. Candidates 
for the ranks of Associate Professor or Professor should additionally have 
well-established independent research programs and be widely recognized 
as leaders in their field. Penn State has one of the top US graduate programs 
in the plant sciences, and a large, vibrant, and collaborative group of 
faculty in plant biology and the wider life sciences. Penn State's flagship 
University Park campus is situated in a community consistently rated 
as among the most livable small cities in the US. Applications must be 
submitted electronically at https://psu.jobs/job/67177 and must include a 
cover letter, CV, and a third document containing a statement of research 
interests, a statement of teaching philosophy, and contact information for 
three potential references. Review of applications will begin immediately 
and continue until the position is filled. Applications received by November 
7, 2016 will be ensured of full consideration. 


CAMPUS SECURITY CRIME STATISTICS: For more about safety at 
Penn State, and to review the Annual Security Report which contains 
information about crime statistics and other safety and security matters, 
please go to http://www.police.psu.edu/clery/, which will also provide you 
with detail on how to request a hard copy of the Annual Security Report. 
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Science Careers 


Keep your job search 
out of the cheap seats. 


Search thousands of job postings 

Create job alerts based on your criteria 

Get career advice from our Career Forum experts 
Download career advice articles and webinars 


Penn State is an Equal Opportunity, Affirmative Action Employer, and 


is committed to providing employment opportunities to all qualified 


applicants without regard to race, color, religion, age, sex, sexual 
orientation, gender identity, national origin, disability or 
protected veteran status. 


Job URL: https://psu.jobs/job/67177 


Target your job search 
using relevant resources 
on ScienceCareers.org. 


Complete an individual development plan at “myIDP” 


Science Careers 


FROM THE JOURNAL SCIENCE TAYAAAS 


Division of Life Science 
Faculty Positions 


Job Posting Details 
The Division of Life Science at The Hong Kong 
University of Science and Technology seeks 
applications for tenure-track positions at ranks of 
Assistant Professor and above. We are particularly 
interested in candidates studying molecular 
mechanisms related to aging, cancer and stem 
cell biology. Candidates whose research programs 
complement or enhance the existing strengths of the 
Division will also be considered. 


Applicants should have a doctoral degree and 
preferably at least 2 years of postdoctoral experience. 
They will be expected to establish an independent 
and internationally recognized research program 
and to contribute to the missions of the Division in 
undergraduate and graduate education. The Division 
of Life Science (life-sci-ust.hk) currently has 40 
faculty members working in diverse research areas. 
The University has a vibrant research environment 
and is ranked as one of the top universities in Asia. 
New faculty is provided with competitive start-up 
funding. The medium of instruction is English. 


Starting salary (with full 12-months’ coverage) will 
be commensurate with qualifications and experience. 
Fringe benefits including medical and dental benefits, 
annual leave and housing will be provided where 
applicable. Initial appointment will normally be on 
a 3-year contract. A gratuity will be payable upon 
successful completion of contract. 


Application Procedure 

Application materials including a cover letter, 
curriculum vitae, research proposal (maximum 3 
pages), teaching statement (maximum | page), and 
contact information of three referees should be sent 
to the Chair of Life Science Search and Appointments 
Committee (lifssearch@ust.hk). Review of applications 
will start in November 2016. 

(Information provided by applicants will be used for recruitment 
and other employment-related purposes.) 


FACULTY POSITION IN 
STRUCTURAL BIOLOGY, 
BIOCHEMISTRY, 
CO OR BIOPHYSICS 


The Department of Molecular and Cell Biology 
(MCB, http://mcb.uconn.edu) at the University 
of Connecticut is seeking applicants for a 
tenure-track position at the assistant professor 
level with an anticipated start date in August 
2017. This position is in the Structural Biology, 
Biochemistry and Biophysics subgroup (http:// 
sb3.uconn.edu) within the MCB Department 
(http://mcb.uconn.edu). A priority will be 
placed on candidates whose research focuses 
on molecular-level interactions of complex, 
multi-component biological systems using state- 
of-the-art experimental approaches, including 
but not limited to: cryo-electron microscopy, 
single molecule techniques, mass spectrometry, 
or NMR. The successful applicant will establish 
a research program complementing existing 
areas of research strengths in physical virology, 
biomembranes/membrane proteins or protein- 
nucleic acid interactions and develop innovative 
courses at the graduate and upper-division 
undergraduate level. For complete details on 
this position, qualifications, and application 
instructions please visit the University’s Husky 
Hire online application system at www.jobs. 
uconn.edu. (Job Opening ID #2017168). For 
full consideration, applications must be received 
by December 15, 2016. Questions about the 
position can be addressed to Dr. Nathan Alder 
(sb3@uconn.edu). 


The University of Connecticut is an 
EEO/AA Employer. 


Postdoctoral/ 
qi) Sr. ett alae 

Stony Brook ssociate 
Medicine School of Marine 
and Atmospheric 

Sciences 


The School of Marine and Atmospheric 
Sciences, Stony Brook University, seeks 
full-time Postdoctoral Associate with 
expertise in the application of high 
throughput sequencing and other molec- 
ular techniques to answer questions 
related to the ecology and the physiology 
of aquatic plankton and microbes. PhD in 
Biology, Marine Science, Bioinformatics 
or related field and a background in ana- 
lyzing high throughput sequencing data 
sets required. Background in compara- 
tive genomics, experimental approaches 
with plankton, and/or harmful algal 
blooms preferred. 


Applications due by November 25, 2016. 
Visit: 
http://www.somas.stonybrook.edu/jobs 
for further information. For a full posi- 
tion description or to apply online, visit: 


www.stonybrook.edu/jobs 
(Req. # 1602665). 


Equal Opportunity Employer, females, 
minorities, disabled, veterans 
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High-End Global Talents Recruitment 


——Job Vacancies in China’s Universities and Institutes 


Introduction of Job Fairs 


The Editorial Department of China Scholars Abroad 
(CHISA) and China Education Online will jointly 
hold the 20th Video Recruitment of High-End 
Global Talents to echo the national strategies of 
strengthening the country through talents and 
rapidly developing the higher education. Video and 
on-spot job fairs are included and the detailed 
Oe Ot ne os remem 
Video Job Fair (Remote) » 
Oct. 26th, 2016 


On-spot Job Fair (Britain, Germany) 
Oct. 28th to Nov. 4th, 2016 


About the Job Fairs 


I. Dates 

1) Domestic (China) Video Job Fair: 
09:00-11:00, 14:00-16:00, Oct. 26th, 2016 
(GMT+8); Website:http://www.edu.cn/cv 

2) On-spot Job Fair in Britain and Germany: 
Oct. 28th to Nov. 4th, 2016 (GMT18). 

London 29/10/2016, 2:00-5:00pm Octagon Hall, 
Queen Mary University of London, Mile End Road, 
London E14NS 

Manchester 30/10/2016 


Munich 31/10/2016 
Berlin 2/11/2016 
II. Objects 


Overseas scholars, PhD and students ready to 
graduate, 


IIT. Position Requirements 

Mechanical Engineering, Information and Comm- 
unication Engineering, Power System and Aut- 
omation, Environmental Science and Ethnology, 
New Energy Material, Communication and Tran- 
sportation Engineering, Electronic Science, 
Biology, Clinical Medicine, Civil Engineering, Inst- 
rument Science and Technology, Food Science and 
Engineering, Mathematics, Geography, Economics, 
Psychology, Law, Foreign Linguistics and Applied 
Linguistics, Education, Art, Management, etc. 
Special Position Requirements: French Language 
and Literature, English Language and Literature, 
Ethnology, etc. 


4% £2 


IV. Ways to Participate 

1)Please send your CV _ directly to Zhaojia 
(zhaojia@col.cn), Miao Zhilin (miaozl@ecol.cn); 
2)http://cv.eol.cn Click the entry button named 
Video Recruitment to have an online face-to-face 
communication with the specific university. You can 
choose to talk or write in accordance with your own 
network and equipment situations. 


List of Participated Universities and Organizations 


1)Shanghai Municipal Bureau of Human Resources 
and Social Security; 

2)Shanghai Talent Service Center; 

3)East China University of Science and Technology; 
4)Shanghai Maritime University; 

5)Shanghai Normal University; 

6)Shanghai University of International Business and 
Economics; 

7)Shanghai University Of Engineering Science; 
8)Shanghai Second Polytechnic University; 
9)Shanghai Lixin University of Accounting and 
Finance; 

10) Shanghai Dianji University; 

11) Bureau of Human Resources and _ Social 
Security, Hongkou District, Shanghai; 

12) Bureau of Human Resources and Social 
Security, Minhang District, Shanghai; 

13) Shanghai Dajun Tech. Co., Ltd.; 

14) Bureau of Human Resources and Social 
Security, Xuhui District, Shanghai; 

15) Shanghai Xufang (Group) Co., Ltd.; 

16) Innovation and Entrepreneurship Service Center 
for High-end Talents, Yangpu District, Shanghai; 
17) Shanghai Yangpu Science and Technology 
Innovation (Group) Co., Ltd.; 

18) Innovation and Entrepreneurship Service Center 
for Overseas High-end Talents, Shanghai 
International Automobile City; 

19) Administration Committee of Shanghai Baoshan 
City Industrial Park (BSCIP); 

20) Shanghai Baojing Science and Technology 
Industrial Company; 

21) Shanghai Electric Group Co., Ltd.; 

22) Shanghai Electrical and Power Plant Equipment 
Group; 

23) Southwest University; 

24) Northeast Forestry University; 

25) Zhengzhou University; 

26) Nanjing Institute of Technology; 

27) Southwest Jiaotong University; 

28) Northwest Agriculture & Forestry University. 
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Register for a free online account on 
ScienceCareers.org. 


Search thousands of job postings and find 
your perfect job. 


Sign up to receive e-mail alerts about job 
postings that match your criteria. 


Upload your resume into our database and 
connect with employers. 


Watch one of our many webinars on 
different career topics such as job 
searching, networking, and more. 


Download our career booklets, including 
Career Basics, Careers Beyond the Bench, 
and Developing Your Skills. 


Complete an interactive, personalized 
career plan at “my IDP.” 


Visit our Career Forum and get advice from 
career experts and your peers. 


Research graduate program information 
and find a program right for you. 


Read relevant career advice articles from 
our library of thousands. 


SCIENCECAREERS.ORG 
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SRP KKE 


The Chinese University of Hong Kong 


Institute of Tissue Engineering and Regenerative Medicine 
Professors / Associate Professors / Assistant Professors 

(Ref. 160001UC) 

The Chinese University of Hong Kong, an internationally ranked and top tier university 
in Asia, has recently established an Institute for Tissue Engineering and Regenerative 
Medicine (iTERM), focused on neuromusculoskeletal medicine. 


Research emphases will be on the following programmatic research areas: 


Hong Kong is a cosmopolitan ci 
role in international commerce, 


stem cells and cell-based therapies 

tissue engineering for regenerative medicine 
3-dimensional microphysiological tissue models 
translational and precision medicine 


Hong Kong is located on a serene campus that nurtures interaction and collaboration, 
including the neighboring Hong Kong Science and Technology Park, which houses 
biotech start-ups and major scientific industries. 

iTERM is currently recruiting faculty at all levels, with academic appointments at 
appropriate departments in the Faculty of Medicine and/or Faculty of Engineering. 


Applicants should have a PhD, MD, DVM or an equivalent degree in science, engineering 
or related disciplines, with a track record of research excellence. In addition to leading 
a vigorous, independent research program, the appointees are expected to be active 
participants in educational activities. 

Appointments will normally be made on contract basis for up to three years initially, 
which, subject to mutual agreement, may lead to longer-term appointment or 
substantiation later. Generous start-up package, competitive salary, and comprehensive 
core facilities in stem cells, genomics/proteomics, imaging, 3D printing and other areas, 
are available to support outstanding research programs. 


Applications will be considered until the posts are filled. 
Application Procedure 


Applicants should submit application online, including CV and contact information of 


three referees. Reference letters can also be sent to the Director, Dr. Rocky S Tuan, 
Institute for Tissue Engineering and Regenerative Medicine, Room 123A, Lo Kwee- 
Seong Integrated Biomedical Sciences Building, The Chinese University of Hong Kong, 
Shatin, Hong Kong or by e-mail to iterm@cuhk.edu.hk. 

The University only accepts and considers applications submitted online for the post(s) 
above. For more information and to apply online, please visit http://career.cuhk.edu.hk. 


ty that is rich in culture and has long played a leading 
finance and education. The Chinese University of 
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TATA INSTITUTE OF FUNDAMENTAL RESEARCH 
Homi Bhabha Road, Colaba, Mumbai 400005 

An Autonomous Institute of the Department of Atomic Energy, 
Government of India, and a Deemed University 


INVITES APPLICATIONS / NOMINATIONS 
FOR THE POST OF 


CENTRE DIRECTOR, 
TIFR HYDERABAD 


From eminent academics / researchers / 
scientists with high academic achievement and 
some experience of administration 


For details please visit TIFR Website 
http://www.tifr.res.in/positions 


Last date for receipt of applications is 
November 25, 2016 


UCSan Diego 


Associate or Full Professor 
(Ladder Rank, Adjunct, In Residence) 
- Regenerative Medicine 


Faculty Position in Regenerative Medicine. The Department of 
Medicine (http://med.ucsd.edu) at University of California, San 
Diego is committed to academic excellence and diversity within 
the faculty, staff, and student body and is currently recruiting 
outstanding faculty for tenure and non-tenured positions in the 
Division of Regenerative Medicine. 


The Division of Regenerative Medicine, in cooperation with the UC 
San Diego Health System, the School of Medicine, and the Sanford 
Stem Cell Clinical Center, seeks faculty applicants to join a highly 
interdisciplinary effort dedicated to advancing stem cell research to 
Clinical trials. Faculty are sought to conduct strongly interdisciplinary 
research with clinical applicability in stem cell science and 
medicine. UC San Diego seeks candidates who will establish, or 
have established, independent and vigorous extramurally-funded 
research programs in regenerative medicine, human brain cancer, 
development of new drugs, and cellular therapeutics. Our top 
candidates will have innovative approaches and expertise in more 
than one discipline. 


Candidates should have a track record of publications in 
internationally recognized journals, and a willingness to participate 
in university service, graduate and undergraduate teaching. 
Applicants must possess a PhD or MD degree or both. 


The Department is interested in candidates who have demonstrated 
commitment to excellence by providing leadership in teaching, 
research or service towards building an equitable and diverse 
scholarly environment. 


Rank and Salary is commensurate with qualifications and based on 
the University of California pay scales. 


Review of applications will begin November 4, 2016, and continue 
until the position is filled. 


nterested applicants should upload their CV, statement of 
research experience and interests, a list of references, and a 
separate statement summarizing their experiences and their vision 
for professional contributions in the area of equity and diversity 
see: http://facultyexcellence.ucsd.edu/c2d/index.html for more 
information) to:http://apptrkr.com/896375 


The University of California is an Equal Opportunity/Affirmative 
Action Employer. All qualified applicants will receive consideration 
for employment without regard to race, color, religion, sex, national 
origin, disability, age or protected veteran status. 


Job location 
San Diego, CA 


Requirements 

Documents 

e Curriculum Vitae - Your most recently updated C.V. 

e Statement of Research 

e Statement of Contributions to diversity - Applicants should 
summarize their past or potential contributions to diversity. See 
our http://facultyexcellence.ucsd.edu/c2d/index.html site for 
more information. 


References3-5 references required (contact information only) 


How to apply 

e Create an ApplicantID 

e Provide required information and documents 
e If any, provide required reference information 


To apply, please visit: http://apptrkr.com/896375 


The University of California is an Equal Opportunity/Affirmative 
Action Employer. All quali ed applicants will receive consideration 
for employment without regard to race, color, religion, sex, national 
origin, disability, age or protected veteran status. 
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POSITIONS OPEN 


WAI 
BAR UNIVERSITY OF 


ifn SOUTH CAROLINA 


UNIVERSITY OF SOUTH CAROLINASCHOOL 
OF MEDICINE FACULTY POSITION 
(Microbiology and Immunology) 


The Department of Pathology, Microbiology and Im- 
munology at the University of South Carolina School 
of Medicine, Columbia invites applications for a non- 
tenure-track teaching faculty position at the rank of 
ASSISTANT PROFESSOR based on a 12-month 
appointment. The successful candidate will be respon- 
sible primarily for directing, and participating in 
teaching course/s offered to medical, graduate and 
post-baccalaureate students. In addition, the candidate 
will be encouraged to participate in the research efforts 
of the Department. There are several opportunities to 
collaborate with departmental faculty. The department 
is currently ranked 17th among Pathology departments 
in the nation in NIH funding, and hosts several NIH- 
funded Research Centers including the Center for Com- 


plementary and Alternative Medicine, the Center of 


Biomedical Research Excellence on Dietary Supplements 
and Inflammation, and the IDeA Network of Bio- 
medical Research Excellence. Candidates must have a 
Ph.D., M.D. or M.D./Ph.D., expertise in Immunology 
and appropriate teaching and research experience. Please 
submit curriculum vitae and a statement of teaching 
and research interests with names of 3 references to: 
Dr. Mitzi Nagarkatti, Chair, Department of Pathol- 
ogy, Microbiology, and Immunology, University 
of South Carolina School of Medicine, Columbia, 
SC 29208 or e-mail: teachimmunology@uscmed. 
sc.edu. The search will start immediately and will con- 
tinue until the position is filled. USC Columbia is an EOAA 
Employer and encourages applications from women and minorities 
and is responsive to the needs of dual career couples. 


THE DEPARTMENT OF CHEMISTRY AND 
BIOCHEMISTRY AT THE UNIVERSITY OF 
MARYLAND, BALTIMORE COUNTY (UMBC) 

invites applications for full-time, non-tenure track fac- 
ulty positions: 

(1) Lecturer primarily responsible for instruction and 
oversight of the physical chemistry and analytical chem- 
istry laboratories beginning August 2017. The success- 
ful candidate will have a strong background in chemical 
instrumentation and methodologies with a desire to teach 
at the undergraduate level: apply .interfolio.com/38409 

(2) Lecturer primarily responsible for teaching general 
chemistry lecture and laboratory courses as well as ana- 
lytical chemistry laboratories beginning August 2017. 
The successful candidate will have experience teaching 
at the undergraduate level and have a strong commitment 
to innovative teaching strategies: apply.interfolio.com/ 
38412 

Qualifications: Ph.D. in chemistry or a related field 
preferred; qualified candidates with an M.S. degree and 
relevant experience will also be considered. We seek can- 
didates who are committed to teaching chemistry at the 
undergraduate level and to the UMBC mission of in- 
creasing diversity in STEM. The application package, 


including a cover letter, Curriculum Vitae, statement of 


teaching philosophy, and three letters of recommenda- 
tion should be submitted electronically at website: apply. 
interfolio.com/38409 for the physical/analytical lab- 
oratory lecturer position or website: apply.interfolio. 
com/38412 for the general chemistry lecturer position. 
For best consideration, submit application materials by 
November 15, 2016. Consideration of applications will 
continue until the position is filled. 

UMBC is an Equal Opportunity /Affirmative Action Employer. 
Applications from women, minorities, veterans, individuals with 
disabilities and other traditionally under-represented groups in the 
sciences are especially encouraged. 
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UCSan Diego 


Bioengineering 
JACOBS SCHOOL OF ENGINEERING 


FACULTY POSITIONS 
UC SAN DIEGO DEPARTMENT OF 
BIOENGINEERING 


The Department of Bioengineering in the Jacobs 
School of Engineering at the University of California, 
San Diego is inviting applications for a TENURE-TRACK 
POSITION at the Assistant Professor level. A PhD or 
advancement to candidacy in bioengineering or related 
engineering disciplines is required for this position. Suc- 
cessful applicants will be expected to teach undergraduate 
courses in UCSD’s Bioengineering, Biotech, Bioinfor- 
matics and/or BioSystems Engineering Major tracks and 
graduate courses in Bioengineering and establish a vig- 
orous program of high-quality federally funded bio- 
engineering research. 

To obtain more information or submit your applica- 
tion materials, go to website: https: //apol-recruit.ucsd. 
edu/apply/JPF01223. 

UCSD is an AA/EOE. 


MASSACHUSETTS INSTITUTE 
OF TECHNOLOGY 


The Department of Earth, Atmospheric, and Planetary 
Sciences at the Massachusetts Institute of Technology 
invites applications for a tenure-track position in the 
broad area of Geophysics, including theory, observation, 
and experimentation. We seek an outstanding scientist 
with the potential to conduct innovative research and excel 
in teaching at the undergraduate and graduate levels. 

Applicants must hold a Ph.D. in geophysics or a re- 
lated field by the start of employment. A complete appli- 
cation must include a curriculum vitae, one- to two-page 
descriptions of research and teaching plans, and three 
letters of recommendation. Applications are being ac- 
cepted at Academic Jobs Online website: https:// 
academicjobsonline.org/ajo/jobs/8065 To receive 
full consideration, complete applications must be re- 
ceived by December 15, 2016. 

Search Contact: Ms. Karen Fosher, HR Adminis- 
trator, EAPS, 54-924 Massachusetts Institute of 
Technology, 77 Massachusetts Avenue, Cambridge, 
MA 02139-4307; email: kfosher@mit.edu 

MIT is an Equal Employment Opportunity Employer. All qual- 
ified applicants will receive consideration for employment and will 
not be discriminated against on the basis of race, color, sex, sexual 
orientation, gender identity, religion, disability, age, genetic infor- 
mation, veteran status, ancestry, or national or ethnic origin. 


INSECT ECOLOGICAL PHYSIOLOGIST 


The School of Integrative Biology and the De- 
partment of Entomology at the University of Illinois, 
Urbana-Champaign invite applications for a full-time, 
TENURE-TRACK FACULTY POSITION at the 
level of Assistant Professor to begin August 16, 2017. 
The School seeks an insect eco-physiologist who works 
at the interface of some combination of ecology, evolu- 
tionary biology, development, behavior, and molecular 
genetics. Full consideration will be given to applications 
received by December 1, 2016. For complete details see 
website: http://go.illinois.edu/InsectEcoPhys 

The University of Illinois conducts criminal back- 
ground checks on all job candidates upon acceptance of 
a contingent offer. 

Illinois is an Equal Employment Opportunity Employer/ 
Veteran/Disabled (www. inclusiveillinois.illinois.edu) 


POSITIONS OPEN 


THE UNIVERSITY OF 


KANSAS 


The Department of Pharmaceutical Chemistry at The 
University of Kansas (website: https://pharmchem.ku. 
edu./) invites applications for the Valentino J. Stella DIS- 
TINGUISHED PROFESSOR. This is an Endowed 
Position with generous startup funds and highly com- 
petitive salary. The successful candidate should be an 
internationally recognized scholar with interest in the 
application of physical, physical-organic and/or bio- 
physical chemistry to the characterization of physico- 
chemical properties, formulation and/or drug delivery 
of small or large molecules, or both, including thera- 
peutics peptides, proteins, antibodies and vaccines. The 
candidate should demonstrate a strong record of re- 
search and scholarship commensurate with a rank for 
appointment at the level of Distinguished Professor. 
Screening of applications will begin January 16, 2017 and 
applications will be accepted until the position is filled. A 
complete application includes a letter of interest and a 
resume should be submitted online at website: https:// 
employment.ku.edu/academic/7168BR. Direct addi- 
tional inquiries about the position to Dr. Teruna Siahaan 
at 785-864-7327 (email: siahaan@ku.edu). University 
of Kansas is an EO/AAE, full policy at website: http://policy. 
ku.edu/IOA /nondiscrimination 


MASSACHUSETTS INSTITUTE OF 
TECHNOLOGY 

The Department of Materials Science and Engineering 
(DMSE) seeks candidates for open tenure-track faculty 
positions to begin July 2017 or on a mutually agreed 
date thereafter. Appointments would be at the assistant 
or untenured associate professor level. In special cases, a 
senior faculty appointment may be possible. Faculty duties 
include teaching at the graduate and undergraduate levels, 
research, and supervision of student research. 

Candidates should hold a Ph.D. in Materials Science 
and Engineering or a related field by the start of employ- 
ment. Candidates with deep knowledge of the core of 
Materials Science and Engineering are desired. DMSE 
seeks to broaden its research portfolio in two main di- 
rections: (1) Computational materials science, including 
in the areas of materials kinetics, materials synthesis, 
mesoscale modeling of materials processing and micro- 
structure evolution, and data-driven approaches to ma- 
terials science for engineered inorganic, organic, or 
biological materials. (2) Advanced materials character- 
ization, including development and deployment of new 
and high-resolution methods in microscopy, diffraction, 
compositional mapping, in situ and in operando tech- 
niques for inorganic and organic materials. 

However, DMSE has strengths and interests across 
the full spectrum of materials research, and excellent can- 
didates with expertise in any and all areas of the field are 
welcomed. 

MIT has a number of institute-wide initiatives under 
way or in development, on topics that include Manu- 
facturing, Energy, Environment, Health, and Data. 
Individuals who can connect to these initiatives are of 
interest. 

Interested candidates should submit application mate- 
rials electronically at website: http://dmsefacsrch.mit. 
edu. Each application should include: a curriculum vitae; 
a statement of research interests; and a statement of 
teaching interests. We request that each candidate ar- 
range for 3 letters of reference to be uploaded at http:// 
dmsefacsrch.mit.edu/letters/. Questions should be 
addressed to DMSE-Search-Master@dmsefacsrch. 
mit. edu. Responses received by December 31, 2016 
will be given priority. No application received after 
March 1, 2017 will be considered in this year’s search. 
We especially encourage minorities and women to apply because of 
MIT’ s strong commitment to diversity in engineering education, re- 
search and practice. 
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Creighton 


Advance Department Chair 

your career UNIVERSITY Biomedical Sciences 

with expert School of Medicine 

advice from Creighton University School of Medicine invites applications and nominations for Professor and Chair of 
i the Department of Biomedical Sciences. The ideal candidate must have a PhD, qualify for appointment as 

Science full professor, and possess outstanding interpersonal, leadership, and administrative skills and experience. 


The candidate should also have an internationally recognized research program supported by extramural 
funding, and express a strong commitment to mentoring department faculty and fostering collaborative, 
interdisciplinary research and education, both within the Department and with other basic and clinical 
science departments. Primary responsibilities of the Chair include developing and implementing strategies 
to support and enhance the research and educational programs in the department, mentoring and evaluating 
department faculty, and engaging with various stakeholders to articulate and achieve the missions of the 
Department, School, and University. The position includes a competitive startup package, renovated 
research laboratory space and additional resources to significantly expand the teaching and research base 
by seven faculty positions. 


Careers. 


online @sciencecareers.org 


| The Department of Biomedical Sciences has a diverse portfolio of federally funded research investigators 

Po in the areas of neuroscience, carcinogenesis and cell signaling. Department faculty also participate in 
-~ graduate and professional education. The School of Medicine is one of nine schools and colleges at 
Creighton University including professional schools of Business, Law, Nursing, Dentistry, Pharmacy and 

P h Health Professions, and the Graduate School. Founded in 1878, Creighton University is a Catholic, Jesuit 
institution with an enrollment of approximately 7000 students that in 2016 earned the top spot in U.S. News 

& World Report magazine’s college rankings for Midwest Regional Universities. This is the 14th year in a 


row the University has earned the No. | ranking in “America’s Best Colleges” edition. 


Science Careers 


Sf 


Download Fi ee Career 
\.—) Advice Booklets! 


ScienceCareers.org/booklets 


Applications received before December 16", 2016 will receive full consideration. Creighton University is 
an equal opportunity, affirmative action educational Institution and employer, title IX University. Creighton 
University particularly welcomes applications from minorities, women and persons with disabilities. 


A Curriculum Vitae and letter of application that includes a description of administrative and teaching 
experiences, current and future research activities, and the names and contact information of three 
references may be submitted by mail to: 
Chair, Search Committee 
c/o Lurae McCloskey 
Creighton University School of Medicine 
2500 California Plaza, Omaha NE 68178 
luraemccloskey@creighton.edu 
402.280.1135 
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INFECTIOUS DISEASES & PROGRAM IN HIV MEDICINE 
Physician-Scientists / Basic Scientists 


Science Careers 


FROM THE JOURNAL SCIENCE PAVAAAS 


The newly launched Department of Applied Physical 
Sciences (APS) invites applications for two new 
faculty positions, prioritizing junior applicants while 
open to consideration of outstanding candidates at 
all ranks. The goal of APS is to bridge fundamental 
research and education in materials science and 
engineering with translational impact on society’s 


inost challehping problems: The Division of Infectious Diseases and International Medicine and Program 


This hiring initiative continues a commitment to diversity with an 
aggressive strategy to build multidisciplinary, team-based research, 
education, and entrepreneurship at UNC, a top 10 public research 
university. The Department aims for 20 full-time faculty in addition to joint 
appointments from partnering departments, with international leadership 
at the intersection of the physical, life, and energy sciences. 


All candidates should have an established record of, or clear potential 
for, research and teaching excellence, multidisciplinary collaboration, 
extramural funding including industry, and translational impact in 
education and entrepreneurship. A PhD in a discipline that contributes to 
applied physical sciences is required. 


Applications will only be accepted online (https://unc.peopleadmin.com/ 
postings/88874). Applicants should submit a CV, research statement, 
teaching statement, the names of at least 4 persons who are willing to 
provide a letter of recommendation, and a cover letter outlining potential 
contributions to APS. Applicants will be notified to have recommendation 
letters forwarded, or to have pre-interviews. 


Applications are reviewed as they are submitted and will continue until 
the positions are filled. Questions should be directed to: E. T. Samulski, 
Chair, Department of Applied Physical Sciences, University of North 
Carolina at Chapel Hill, Chapel Hill, NC 27599-3050, et@unc.edu. 


The University of North Carolina at Chapel Hill is an Equal 
Opportunity and Affirmative Action Employer. All qualified applicants 
will receive consideration for employment without regard to age, 
color, disability, gender, gender expression, gender identity, genetic 
information, national origin, race, religion, sexual orientation, or status 
as a protected veteran. 


in HIV Medicine of the Department of Medicine at the University of Minnesota 
invites applications for tenure track positions at the Assistant Professor or 
tenured Associate Professor ranks. We seek candidates with a MD, PhD, or 
MD/PhD degree who have a track record of exceptional accomplishment 
and promise in infectious diseases research. The Program in HIV Medicine’s 
current areas of interest include virus evolution; virus persistence and 
tissue reservoirs; lymphoid tissue pathology and CD4 T cell depletion and 
reconstitution; HIV co-morbidities, and HIV-related coinfections, particularly 
TB; and innate and adaptive immunological responses to infection or 
co-infections that might eventuate in therapeutic or preventive vaccines. 
The successful candidate will join a collegial community with outstanding 
scholarly and scientific resources and opportunities to collaborate with 
faculty in the Department of Microbiology and Immunology, Center for 
Immunology, Center for Clinical and Translational Science Institute, Center 
for Drug Design, and the Institute for Molecular Virology at the University of 
Minnesota. Individuals licensed to practice medicine in the State of Minnesota 
will also have the opportunity to provide outpatient care for HIV-infected 
patients or general ID patients at the University of Minnesota HIV/ID clinic 
and to provide inpatient ID consultation. Salary will be commensurate with 
qualifications and expertise and competitive start-up packages are available. 


Qualified applicants are invited to apply on-line at www1.umn.edu/ohr/. 


In addition to the on-line application, applicants should send a 3-page letter 
describing research interests and expertise, along with a current curriculum 
vitae and names of three references by e-mail to Scott Povolny (povo0006@ 
umn.edu), addressed to: Timothy Schacker, MD, Director of the Program in 
HIV Medicine. 


The University of Minnesota School of Medicine is an Equal Opportunity, 
Equal Access, Affirmative Action Employer. 


WORKING LIFE 


By Diane Shao 


382 


Knocking on opportunity’s door 


y research career started when, at 15 years old, I showed up at university laboratories asking 

for a job. When I told this story to my spouse, another academic, we laughed uproariously 

at the idea of a kid not even out of high school knocking down the doors of our future labo- 

ratories. It sounded utterly clueless. After all, many in the scientific community believe that 

“talent” alone is the most important ingredient for a successful scientific career. To those 

with this mindset, people who actively promote themselves or advocate for their careers 
must be less intelligent or less deserving. But reflecting on my own trajectory, I’m glad that I was 
bold enough—or clueless enough—to proactively ask for what I needed early in my career. 


On that first job search, I had no 
research experience. But I did have 
advice from a friend whose enviable 
jobs as a cashier at both Starbucks 
and Barnes & Noble proved that he 
was the authority on getting hired. 
“The secret,’ he told me, “is to find a 
way to talk to the boss.” So I emailed 
40 principal investigators (PIs) at the 
nearby university, soliciting a sum- 
mer position. I strategically included 
the line, “If I do not receive a response 
via email, J will visit you at your 
office between 2 and 4 p.m. on April 
10,7 which led to a series of rapid 
replies kindly turning me down. 

But 10 unsuspecting souls did not 
respond, so on the designated day, 
I dressed my best to visit them. My 
friend was right: Two PIs offered 
me unpaid internships on the spot. 
I played it cool, telling them that I 
would have to think about it. Finally, I met a quirky structural 
biologist with a friendly smile. He brought me to his lab man- 
ager, who eyed me dubiously and offered $8 an hour. “How 
about $9?” I piped. We shook hands, and I landed my first 
job ever. I realize now that my actions could have been seen 
as presumptuous, given the common idea that academia is a 
meritocracy and good things, such as jobs and higher salaries, 
naturally go to those who “deserve” them. As a high school stu- 
dent, though, I was blissfully unaware of those cultural norms. 

I maintained this mindset in college, where I asked poten- 
tial advisers whether they had a low-risk project that could 
lead to a primary authorship for me. Some were disdainful 
of this goal-oriented approach, declaring that success can- 
not be planned. But one told me that he had just the proj- 
ect for me: a study whose results would be of importance 
regardless of the outcome. Three years later, I was his only 
undergraduate student to have published a first-author 


enough ... to proactively ask 
for what I needed.” 


paper. I put in a lot of hard work, 
but I also know that being willing to 
ask for what I wanted was a crucial 
contributor to my early success. 

As I progressed in my train- 
ing and started to internalize the 
academic community’s values, it 
became harder to ask for success 
on my terms. As a Ph.D. student, 
for example, I felt uncomfortable 
speaking up when it looked like I 
wouldn’t get the authorship position 
I felt I deserved on a paper. I did end 
up raising the issue. After some op- 
position I got the appropriate credit, 
but the fact that I had to ask rein- 
forced my sense that rewards and 
recognition aren’t meted out based 
solely on merit. Now, as a postdoc, 
I never tell stories of my youthful, 
brazen self-advocacy—partly because 
I wonder whether asking to be given 
the things I needed means that I don’t deserve what I have 
achieved, and partly because scientists prefer stories of 
amazing breakthroughs leading to recognition and success. 

The reality is that creating opportunities for career ad- 
vancement is as important as innate scientific talent. I hope 
to have my own lab one day, and I know that my success—or 
failure—will be determined by many factors beyond the merit 
of my projects. I will need to attract trainees, entice funders, 
and convince the department chair to give me freedom to 
explore—all of which will require negotiating and advocating 
for myself. For me, that will mean starting to reharness some 
of my inner teenager, knocking on doors of opportunity and 
asking to be let in. 


Diane Shao is a medical resident and _ postdoctoral 
researcher at Boston Children’s Hospital. Send your career 
story to SciCareerEditor @aaas.org. 
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